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PREFACE. 



It is universally acknowledged that a chemical operation 
presents two aspects to the investigator ; it involves a change 
in thej form or distribution of matter, and a change in the form 
or distribution of energy. The greater number of the chemical 
text-books pay very little heed to the latter of these changes. 
Indeed it is only within recent years that any serious attempt 
has been made to measure the changes of energy which 
accompany chemical changes of matter. Such measurements, 
so far as they have yet gone, have been almost wholly confined 
to determinations of the quantities of heat which enter or leave 
a chemical system during its passage from one definite state to 
another. Any exact applications which can at present be made 
of the laws of energy to chemical processes must then, for the 
most part, be based on the results of thermo-chemical investi- 
gation. 

This book is intended to present a connected account of the 
methods and results of the most important researches which 
have been made in Thermal Chemistry. It does not in any 
way pretend to be an exhaustive treatise on the subject ; its 
object is to deal with principles, and methods of investigation. 
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rather than with details. The book is adapted for the use 
of students who have a fair knowledge of the principles of 
chemistry, and who are also conversant with the outlines of the 
study of energy. A sketch of the preliminary study required is 
given in the earlier paragraphs of the first chapter. 

I have endeavoured to deal with the various parts of the 
subject from the point of view of the chemical, rather than 
from that of the physical, inquirer. The two-sidedness of all 
the problems examined in Thermal Chemistry makes this a 
subject in which one is very ready to go astray. 

The original intention was to produce a condensed and 
somewhat modified translation of Prof Alexander Naumann's 
Lehr- und HancUmch der Thermochemie ; but as the work pro- 
ceeded tihis intention was abandoned. The general scope and 
conception of Naumann's book were thought to be unsuited 
to the wants of the English student. Some parts of the 
subject which are dealt with by Naumann in great detail 
appeared to me to be too strictly physical to warrant their 
introduction into a book on thermal chemistry; other parts 
should rather, I think, find a place in a book on pure chemistry. 
On the other hq-nd there are many subjects of great importance 
which have received especial attention since the publication 
of Naumann's treatise; among these may be mentioned the 
recent work of Thomsen on the classification of acids and bases, 
and on the relative affinities of acids. 

I have also regarded the whole subject from a point of view 
essentially different from th^tt occupied by Prof Naumann. 
I have endeavoured to gain a general conception of the subject 
as a whole, and to indicate the mutual relations of its parts ; 
I have also striven to place the facts before the student as far 
as possible independently of theories, and then to gather 
up these facts and consider them in the light of theory. For 
this reason I have said very little regarding what some would 
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look on as fundamental principles of the subject — the law 
of maximum work, and the interpretation of thermo-chemical 
data in terms of the molecular theory — ^until the last chapter of 
the book. 

The book is divided into two parts. The first part is 
devoted to the statement and consideration of the various 
branches of thermal chemistry : the second comprises most of 
the well-established d^ta on which the science is built; these 
data are classified and tabulated in five appendices, which it is 
hoped will prove of considerable service to students. Data 
relating to melting and boiling points are omitted, because 
their insertion would b^ve made the book very bulky, and also 
because they are to be found fully and carefully collected in 
Dr Camelley's tables. No data are given relating to specific 
heats of solids or of solutions ; for these the student is referred 
to Naumann's work, and to Clarke's Constants of Nature. 

Where the thermal value of the san^e operation has been 
measured by various experimenters, preference is always given to 
the results obtained by Thomsen; for this reason many numbers 
which are found in Neumann's work are omitted from the 
appendices. 

Chemical formulas are used sometimes as synonymous with the 
names of the bodies formulated, and sometimes with a definite 
quantitative meaning j I think the context will always indicate 
where a quantitative meaning is to be given to these formulae. 

The principal calorimetric methods adopted by Thomsen, 
Berthelot, and other experimenters, are described, and the 
more important instruments are figured. References are given 
to all original papers or treatises of importance. 

I have made free use not only of Naumann's Thermochemiey 
but also — and to a very large extent — of Thomson's Thermo- 
chemische Untersuchunjen, and Berthelot's Essai de Chimique 
Micanique. 
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I have been much assisted in preparing this book by 
Mr Wilson, whose name appears on the title-page ; and also 
by Mr D. J. Carnegie, BA., Scholar of (xonville and Caius 
College, who has kindly read the whole of the proofs and made 
many useful suggestions. 

M. M. PATTISON MUIR. 

Cambbidoe, December 1885, 



Digitized by Google 



TABLE OF CONTENTS. 



CHAPTER I. PRELIMINARY SKETCH OF THE SUBJECT. 



Intboductobt 1 

Section L Chemical change. The conservation of Mass. 

Chemical distingniahed from physical change .... 1 1 — 2 

Conservation of mass 2 2 

Elements and compqunds 8 2 

Composition of compounds 4 2 — 8 

Systems ondergoibg chemical change 6 4 

Section II. Changes op energy. The conservation of Energy. 

Energy 6 4 

Configuration. Force. 7 4 — o 

Force (continued) 8 5 

Work and force 9 5—6 

Measnrement of forces 10 6 — 7 

Kinetic and potential energy 11 — 12 7 — 8 

Conservation of energy 13 8—9 

Work and energy 14 9 

Direction of application of a force 15 9—10 

Change of state and change of energy 16 10 

Section III. Heat. First and second laws op Thermodynamics. 

Heat not matter 17 10 

First law of thermodynamics 18 10—11 

Characteristics of heat-energy ....... 19 — 20 11 

Second law of ihermodynamics . 21 11 

Degradation of energy . 22 12 



Digitized by Google 



X 



TABLE OF CONTENTS, 



Section IY. Application of thermal methods to chemical 
problems. 

Pangraph Page 



General statement 23 12 

Losses of energy measured thermally 24 13 

Difficnlties 25 13 

Section V. Hypothesis regarding the mechanism op chemical 

CHANGES. 

statement of the hypothesis 26 13 — 4 

Definition of molecule 27 14 

Molecnlar explanation of gaseons pressure .... 28 14 

Avogadro's law 29 14 — 15 

Application to chemical reactions 80 15 — 6 

A molecule of hydrogen is composed of two parts ... 81 16 

The atom 82 16 

Determination of molecular weights of gases . . « . 83 — 4 16 — 8 

Atomic weights of elements 35—6 18—9 

Atomicity of elementary molecules 37 20 

Law of Dulong and Petit 88 20 — 1 

Law of isomorphism 89 21 — 2 

Chemical methods of determining atomic weights ... 40 22 

Concluding remarks to Chapter 1 41 — 4 22 — 4 



CHAPTER II. METHODS OF INQUIRY USED IN 
THERMAL CHEMISTRY. 

Section I. Measurement of heat or Calorimetry. 



Fundamental statement of calorimetry 45 25 

The unit of heat 46 — 7 25 6 

Calorimeters 48 26 7 

Description of special forms of calorimeters .... 49 27 — 43 

Calculation of thermal values of reactions .... 50 43 5 

Section II. Methods op stating results op thermochemical 
measurements. 

Principles of thermochemical notation ..... 51—3 46—8 



Dependence of thermochemical values on temperature &c . 54—7 48 — 52 



Digitized by Google 



TABLE OF CONTENTS. xi 
Section III. Heats of coHBUsxioar, and of forxation, of 

CX>MFOXmD& 

PBrafnph Pair* 

Definitions . 58 68 8 

Principle on which methods of determining heats of formation 

are based , . . 69 68 

Blnstrations of application of this principle . , . . 60 68 — 60 

Remarks on these applications . . . . ^ . . 61 60 1 

CHAPTER III. APPLICATIONS OF THERMAL METHODS 
TO THE STUDY OF CHEMICAL PHENOMENA. 

^Section I. Allotbopt asd Isomerism. 

Introdnctorj statement . . , 62 6i 

AUotropy • 68 62 

Isomerism 64 62 — 8 

Molecular explanation of these phenomena .... 65 68 — 4 

Allotropio changes and changes of energy .... 66 64 

Isomeric changes and changes of energy 67 64 — 5 

Greneralisations 68 65 

Bemarks on meaning of stractural formnlffi .... 69 65 — 6 

Connections between chemical composition and changes of energy 70 66 — 7 
The theory of atomic bonds in connection with changes of 

energy 71—2 67--8 

Thomsen's attempt to measnre the dynamic yalne of the carbon 

bonds 73 68—71 

Criticism of Thomsen's results and methods . ... . 74—5 71 — 2 
General remarks on connection between changes of energy and 

isomeric changes 76 73 

Section II. Neutralisation op acids by bases, and of bases by 

ACIDS. 

Introductory remarks 77 78 — 4 

Definitions 78 74 

Thermochemical classification of acids 79 74 — 5 

Themiochemical classification of bases 80 75 

Basicity of acids 81—2 76—7 

Thermochemical classification of dibasic and tribasic acids . 83 — 5 77 — 8 

Examination of this classification 86—9 78—81 

Special case of periodic acid examined 90 — 4 81 — 5 

„ „ silicic „ „ 95 85 — ^6 

Heats of neutralisation of alkalis and alkaline earths . . . 96 — 8 86—8 
M „ of oxides of magnesium metals ftc. . 99—101 88 — 9 



Digitized by Google 



xii 



TABLE OF CONTENTS. 



Section III. Distribution of a babe between two acids. Kelative 

AVIDITIES op acids. 

Paragraph Page 

Statement of the problem 102-3 90 

Analysis of a typical reaction 104 — 5 90 — 1 

Experimental results 106 91 — 3 

Calculations 107 93—4 

General conclusions 108 94 

Further examples of the method 109 94 — 5 

Table of relative avidities of acids 110 95 

Section IV. Thermochemical classification of elements and 

COMPOUNDS. 

Periodic connection between heats of formation of haloid salts 

and atomic weights of elements Ill 95 — 6 

Thermochemical relations of a group of elements . . . 112 96 — 7 
Relations between atomic weights and thermal reactions of the 

alkaline earth metals 113 97 — 8 

Chemically and thermally comparable changes . . . . 114 99-100 
Thermochemical examination of various comparable reactions. 115 — 6 100 — 1 
„ „ of action of metals on water . 117 101 — 3 
Objections to some of the arguments founded on such examina- 
tion 118—9 103—4 

Examination of action of metals on acids .... 120 — 3 104 — 7 

Concluding remarks on the subject-matter of this section . 124 107 



CHAPTER IV. APPLICATIONS OF THERMAL METHODS 
TO THE STUDY OF PHENOMENA PARTLY CHEMI- 
CAL AND PARTLY PHYSICAL. 



Introductory 125 108 

Section I. MEiiTiNG. Boiling. Evaporation. 

Definition of melting point 126 108 

„ „ boiling point 127 108—9 

Effect of raising temperature of vapour of water . . 128 109 10 

Heat of liquefaction 129 — 33 110 2 

Relation of melting point to chemical compoHiiion . . 134 112 3 

Heat of vaporisation 135 113 4 

Molecular explanation of evaporation . . 136 114 6 

Boiling of mixed liquids 137 — 9 116—7 

Relations of boiling point to chemical composition . . 140 — 2 117 20 

Connection between rate of evaporation and molecular 

weight 143 120 



Digitized by Google 



TABLE OF CONTENTS. xiii 

Section II. Dissociation. 

Introductory Ii4 120—1 

Oatstanding features of dissociation 145 — 6 121 — ^2 

Calculation of amount of dissociation .... 147 122 — 8 

Special cases of dissociation 148 — 50 128—^ 

Course of a dissociation-change 151 — 2 125 — 7 

Gibbs' thermodynamical treatment of dissociation . 153 127 — 80 
Pfaundler's treatment of dissociation as a molecular pheno- 
menon 154 180—1 

J. J. Thomson's treatment of dissociation on the lines of 

the vortex-atom theory 165 182 — 8 

Remarks 156 188 

Dissociation of solid compounds 157 188 — 7 

A dissociating gaseous system considered as a system in 

kinetic equilibrium • . ' 158 187 

Dissociation and decomposition 159 187 — 8 

Lemoine's inyestigation of dissociation of hydriodic acid . 160 — 3 188—40 

Bemarks • 164 140 

Section III. So-called abnormal vapour-dbnsitibs. 

Misuse of the phrase 'ahnormal vapour density' . • 165 140—1 
Illustrations of influence of temperature and pressure on 

densities of various vapours 166 — 8 141 — 4 

' Molecular ' and ' atomic ' compounds .... 169 — 70 144 — 5 

Dissociation of elementary gases 171—2 145 — 7 

Section IV. Solution and Hydration. 

Decomposition occurring in solutions 173 147 — 8 

Definitions 174 148—9 

Thomsen's classification of salts in accordance with their 

heats of solution 175 149 — 50 

Differences between heats of solution of analogous salts . 176 150 — 1 
Connections between heats of solution of haloid salts and 

atomic weights of the metals in these salts . . . 177 151 — 2 

Determination of heats of hydration 178 152 

Thomsen'd classification of salts in accordance with their 

heats of hydration 179—88 152—5 

Are hydrates formed by solution and dilution of salts? . 184 — 98 155—70 

General remarks on solution and hydration , • . 199 170—1 

CHAPTER V. CHEMICAL INTERPRETATION OF 
THERMAL DATA. 

Introductory 200 172-3 



Digitized by Google 



xiv 



TABLE OF CONTENTS. 



Section I. The *law op maximum work.' 



Paragraph Page 

Thermal values represent the sums of yatious changes 201 174 

Statement of the * law of maximum work ' . . . 202 174 — 5 
Difficulty of attaching a definite meaning to the terms used 

in this statement 203 175 

A chemical operation the thermal value of which is positive 

does not always occur 204 175 — 6 

Chemical actions with negative thermal values sometimes 

occur 205 176—7 

Thomsen*8 statement of the law 206—7 177—8 

Chemical changes involve degradation of energy . . 208 178 — ^9 
Criticism of some of the forms in which the Maw of 

TTiftTininm work * has been stated 209 179 — 80 

Difficulties encountered in applying the law . . . 210 180 
Must all the energy lost by a changing chemical system 

appear as heat? . 211—2 180 

Helmholtz's conception of * free * and * bound ' energy . 213 — 4 180 — 2 
Illustrations of chemical changes which proceed in the 

direction of the maximum evolution of heat . . . 215 — 8 182 — ^9 
Remarks on the interpretation of reactions noticed in 

preceding paragraphs 219 189 

Section II. Affinity. 

Molecular and atomic explanation of affinity . . . 220 — i 190 — 3 

Meaning of term affinity as used by Guldberg and Waage . 225 193 — 5 

Ostwald's determinations of relative affinities of acids . 226 195 — 6 

Application of thermal methods to determine affinities . 227 — 33 196 — 202 

Concluding remarks 202 — 4 



APPENDICES. COLLECTION OF DATA. 



Appendix I. 

Appendix U. 
Appendix III. 
Appendix IV. 
Appendix Y. 

Index 



Data relating to heats of formation and heats of 

combustion 

Data relating to heats of combustion of isomerides 
Data relating to neutralisation of acids and bases 
Data relating to dissociation and vapour-densities 
Data relating to solution, dilution, and hydration 



206—249 
250—253 
254—266 
267—287 
^88—306 

306—312 



Digitized by Google 



TITLES OF JOURNALS CONTAINING MEMOIRS TO 
WHICH REFERENCES ARE MADE. 



Abbbeyiatbd Titles. 



Full Titlkb. 



Phil. Trans. 
Proc. R. S. 
C S. Journal. 



Phil. Mag. 
Chem. News. 
Nature. 

Brit. Ass. Reports. 

Proc. R. I. 

Amer. Joum, of Sci. and' 
Arts 

Sill. Amer. Journal, 
Pogg. Ann. 
Wied. Ann. ' 



Annalen,, 

J,filrprakt. Chemie. 
Ber. 



Zeitschr. fUr Krystalhg. 

Sitzber, der Wiss. Akad. zu 
Berlin. 



Philosophical Transactions, 

Proceedings of the Royal Society, 

Journal of the Chemical Society. 

[Memoirs and Proceedings, 8 vols. (1841-1847). 
Jonnuil, aertes 1, 15 vols. (1848-1862). 
serlet 2, 15 vols. (1863-1877). 
Tmiiactloiui and AMraoU paged 
separately, from 1878 to present time. The 
volumes of this Journal are sometimes referred 
to by numbers beginning with volume 1 of 
series 1, and running on oonsecutively to the 
present time.] 

Philosophical Magazine. [Series 1 to 6.] 

The Chemical News, [Beginning from I860.] 

Nature. [1879, and onwards.] 

Reports of the British Association for the Advance- 
ment of Science.. [1831, and onwards.] 

Proceedings of the Royal Institution of Qreat 
Britain, [1851, and onwards.] 

American Journal of Science and Arts; since 
1880 the title is American Journal of Science, 
[Conducted by Sillimann, and subsequently by 
Sillimann and Dana. Series 1 to 3.] 

Poggendorff^s Annalen der Physik und Chemie. 
[1824-1876.] 

Wiedemann's Annalen der Physik und Chemie, 
[Continuation of Pogg, Ann, from 1877 ; fre- 
quently quoted in memoirs, <fec., as Ann, Phys. 
Chem, Series 2.] 

lAebig's Annalen der Chemie und Pharmacie, 
[Continued since Liebig's death under same title.] 

Journal fUr praktische Chemie. [Series 1 and 2.] 

Berichte der Deutschen Chemischen Gesellschaft. 
[Abstracts of papers published elsewhere are 
paged consecutively with the transactions until 
1883; from 1884 and onwards the abstracts, 
Beftoate, are paged separately.] 

Zeitschrift fur Krystallographie und Mineralogie. 
[1877, onwards.] 

Sitzungsberichte der Akademie der Wissenschaften 
zu Berlin. [1854, and onwards.] 



Digitized by Google 



xvi 



TITLES OF JOURNALS OF REFERENCE. 



Abbbeyiatbd Titles. Ftjll Titles. 

Compt. rend, ■ Comptes rendus hehdomadaires det SSanees de 

VAcad€mie det Sciencea, [1836, onwards.] 

Mim, de VAcad. Mimoiree de VAcaMmie Royale de» Sciences de 

VInttitut de France, [1816, onwards.] 

Ann, Chim, Phya, Annates de Chimie et de Physique, [Series 1 to e.] 

BuU, Soe, Chim, Bulletin de la 8oci€t€ Chimique de Paris, [1864, 

onwards.] 

Ann, Min, Annates des Mines, [Series 1 to 6.] 



CORRECTIONS AND ADDITIONS. 

PAGE 

58. Add note to this effect: 'The value of the heat of formation of H3SO4 
may be more shortly calculated as follows, when the data [S, O*, Aq] = 
142, 417 are obtained (see p. 57): a eolation in water of SO, contains 
HsS04, therefore 
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THEEMAL CHEMISTEY. 

CHAPTER I. 

PRELIMINARY SKETCH OF THE SUBJECT. 

Thermal Chemistry treats of the mutual relations between 
chemical and thermal phenomena. The study of this branch of 
natural science can be profitably undertaken only when some 
knowledge has been gained of the general laws of heat and 
chemistry. 

A brief outline of the more important parts of the prelimi- 
nary thermal and chemical study required for properly grasping 
the teaching of thermal chemistry is all that can be given in 
this book. The student must fill in the outline for himself 

Section I. Chemical change. The conservation of mass, 

1. Chemistry is that branch of physical science which con- 
cerns itself with the more marked and far-reaching changes in 
the properties of matter which occur in nature or can be pro- 
duced in the laboratory. 

When water is exposed in an open vessel to a temperature 
lower than 0*^ C. it is changed into solid ice. When the tempe- 
rature of ice is raLsed above 0° C. the ice is changed into liquid 
water. When an electric current is passed through water, it is 
changed into two colourless gases, each characterised by proper- 
ties which sharply distinguish it from the other, and neither 
shewing much resemblance to the water from which both have 
een obtained. If these gases are mixed and an electric spark 
M. T. c. .1 
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is passed through the mixture, the gases completely disappear 
and water is produced. 

The change of water into ice, and the reverse change of ice 
into water, may be taken as a representative physical change. 

The change of water into a mixture of gaseous oxygen and 
hydrogen may be taken as a representative chemical change. 

2. The mass of matter which takes part in any change 
whether physical or chemical remains unaltered. 

This statement which is the outcome of many centuries of 
inquiry is known as the principle of the conservation of mass, 
or the principle of the indestructibility of matter. On this 
principle the science of chemistry is based 

3. From the chemical point of view matter may be divided 
into two classes, elements and compounds. A weighed quantity 
of very finely divided iron is strongly heated ; the iron glows for 
a few minutes, and when the glowing has ceased there remains 
a quantity of rust the mass of which is greater than that of 
the iron at the beginning of the experiment. A weighed 
quantity of potassium chlorate is strongly heated ; it melts, and 
a gas is produced in which a burning body bums much more 
brilliantly and rapidly than in ordinary air. When gas ceases 
to be evolved a white solid remains the mass of which is less 
than that of the potassium chlorate used- 
Iron is a typical element ; potassium chlorate is a typical 

compound. 

An element may be defined as a kind of matter which can 
undergo chemical change only by combining with some other 
kind, or kinds, of matter ; the mass of the product of such a 
change is therefore always greater than the mass of the element. 

A compound may be defined as a kind of matter which can 
undergo chemical change either by combining with some other 
kind of matter, or by itself separating into two or more other 
kinds of matter, the mass of each of which is therefore smaller 
than that of the compound. 

4. By the composition of a compound is meant a statement 
of the elements which can be obtained from it, and of the 
quantities of those elements which can be obtained from a 
specified quantity of the compound. 
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CHEMICAL CHANGE. 



The composition of every chemical compound in fixed and 
unalterable. Thus 100 parts by weight of pure water always 
contain 88*88 parts by weight of the element oxygen, and 11*12 
parts by weight of the element hydrogen ; or we may say the 
elements are combined in the ratio of 8 to 1. Hydrogen and 
oxygen form two compounds ; in the first (water) the ratio in 
which the masses of oxygen and hydrogen are combined is 8 : 1 ; 
in the second (hydrogen peroxide) the ratio is 16 : 1. Nitrogen 
and oxygen form five compounds in which the masses of oxygen 
and nitrogen are combined in the following ratios (1) 1 : 1*75 ; 
(2) 2 : 175; (3) 3 : 175; (4) 4 : 175; (5) 5 : 175. These 
cases are representative of chemical compounds in general. To 
every element a number may be given which expresses the 
smallest mass of that element which combines with unit mass 
of some element chosen as a standard. These numbers also 
express the smallest masses of the various elements which 
severally combine with each other. 

The standard element is hydrogen; the imit mass is 1 gram, 
or 1 grain, or 1 lb. 

Thus the following numbers represent the combining weights 
of various elements ; oxygen = 8, chlorine = 35 5, sodium = 23, 
calcium = 20. These numbers tell us that 8 or a simple 
multiple of 8 parts by weight of oxygen, 35*5 or a simple 
multiple of 35*5 parts by weight of chlorine, 23 or a simple 
multiple of 23 parts by weight of sodium, and 20 or a simple 
multiple of 20 parts by weight of calcium, severally combine 
with 1 part by weight of hydrogen to produce definite chemical 
compounds. Further these numbers tell us that 8 or a simple 
multiple of 8 parts by weight of oxygen combine with 20 or a 
simple multiple of 20 parts by weight of calcium, that 23 of 
sodium combine with 35'5 of chlorine &c., to produce definite 
chemical compounds. 

The symbol of an element, e.g. H, O, CI, or of a compound, 
e.g. HgO, HCl, represents a definite mass of that element or 
compound, and when the element or compound is gaseous, the 
symbol also represents a definite volume of the body\ 

* The student is supposed to be familiar with the use of chemical symbols 
before proceeding further. (See also po«f, pars. 30 — 30). 

1—2 



Digitized by Google 



4 



PBELIMINARY SKETCH. 



[chap. I. §§ 5-7. 



5. In considering chemical phenomena it will be convenient 
to use such expressions as *a changing system/ 'the system 
undergoing chemical change/ and the like. 

Thus in the case already referred to of the electrolysis of 
water, the quantity of water through which the current passed 
was the changing system. If the water had been brought into 
contact with a piece of the metal sodium, one of the gases 
obtained by electrolysis, viz. hydrogen, would have been 
produced, and a new body, composed of sodium, hydrogen, and 
oxygen, (sodium hydroxide), would have been formed and 
dissolved in a portion of the water. In this case the system 
undergoing chemical change would have consisted of water, 
sodium, hydrogen, and sodium hydroxide. When a candle 
bums in air the changing system is composed of candle, air, and 
the products of the burning of the candle. 

Section II. Changes of energy. The conservation of energy. 

6. Every chemical operation consists of two parts, a change 
in the form of the matter comprising the system, and a change 
in the form of the energy of the system. 

Energy is the power of doing work ; work being defined as 
* the act of producing a change of configuration in a system in 
opposition to a force which resists that change,'* 

7. Any material system may be considered as made up of 
several particles each of which is so small that, for the purposes 
of the special investigation undertaken, the distances between 
the parts of these particles (if they have parts) may be neglected. 
These particles at any moment must be arranged in some 
definite way relatively to each other; this 'assemblage of relative 
positions is called the configuration of the system." 

When mutual action and reaction occurs between two 
systems so that there is a change in the configurations of the 
systems, one system is said to exert force on the other. 

Force then is a name given to a two-sided transaction when 

that transaction is looked at from the standpoint of one of 

the transactors. The change of configuration proda;ced in one 

of the mutually acting systems necessitates change in the^otions 

* Clerk Maxwell, Matter and Motion, art. 72. 
' Id. loc. cit. art. 4. 
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of the parts of that system, in other words necessitates an 
acceleration of these parts. The force exerted by one system on 
the other may be measured by the product of the mass of 
matter moved and the acceleration produced in that mass. Or, 
in other words, as mass into velocity = momentum, the force may 
be measured by the change of momentum which it produces per 
unit of time. When the mutual actions between the two systems 
are completed let us suppose that the first system has lost, and 
the second has gained momentum ; then the first system has also 
lost energy or power of doing work, and the second system has 
gained an exactly equal quantity of energy. 

8. It is customary to speak of a force as acting on a body 
or system, but it should not be forgotten that force is merely a 
convenient name, the use of which helps us to study the mutual 
actions of bodies, and systems of bodies, which study is the real 
business of physical science. Nevertheless in dynamics the 
actions of forces are measured and compared without constant 
reference to the acting and reacting bodies; and the conception 
implied in the word force has been so much used apart from the 
conception of two, or more, mutually acting bodies, that the 
name has almost ceased to be a mere name, and is frequently 
used as if it represented a real thing. 

Remembering that behind the word force there is always a 
reality, we may speak of the application of a force, or even of 
the work done by a force, 

9. Suppose a man lifts a weight through a space of 3 feet, 
and places it on a support at that distance from the ground; we 
have here two mutually acting systems, (a) the man, and (b) the 
weight and the earth. System (a) does work against the resist- 
ance of system (6) ; and when the work is done, system (6) has 
gained just as much energy as system (a) has lost. For, let the 
weight be now attached to the machinery of a clock, and let the 
support be removed ; the weight slowly descends to the ground, 
aud in doing so it communicates energy to the clock, which 
energy is spent in overcoming the Motion of the various parts, 
the resistance of the air to the motion of the pendulum &c. 
Had the weight not been raised from the ground it would have 
been of no use as a source of energy to the clock. The whole 
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system, clock and raised weight, therefore possesses energy 
because of the configuration of its parts ; and when the con- 
figuration is changed in a certain way this energy is lost to the 
system. 

In this example it is clear that the man has done work 
against the resistance of the weight. But we may say that the 
man has exerted force, and, abstracting the notion of the man, 
we may say that work has been done by a force on the weight. 

10. In order to measure this force we must know the mass 
of the weight raised, the time occupied in the movement of the 
weight from its point of rest on the ground to its point of rest 
on the support, and the space through which the weight has been 
moved. 

Suppose the velocity of the movement to have been uniform 
throughout the whole time. Then putting v = velocity, s = space, 
and t = time, we have 

s 

Then, as force is measured by mass moved into velocity, and 
as the velocity was uniform, we have 

F = mv; 

where force, and m = the mass of the weight moved. 

Now let us suppose that the weight was in motion when the 
force began to act upon it ; further let the initial velocity be v, 
let the force continue to act for a very short time t, and let the 
velocity at the end of this time be v\ Then the momentum of 
the weight at the beginning of the time t was mv, and at the 
close of the time t the momentum was mv. And, since a force 
is measured by the change of momentum it produces when 
acting for unit time, it follows that^ 

Ft = m (v — v). 

1 We can now define the unit of force as that force which acting on unit mass 
for unit time produces unit acceleration in the mass. The most commonly used 
' unit of force is called the dyne, and is defined to he that force which acting for 
one second on a mass of one gram, produces in it a velocity of one centimetre 
per second. The unit of work is the erg, which is defined to he the work done 
by one dyne when acting through a distance of one centimetre. 

The student ought carefully to study some treatise on the measurement of 
forces &c. , e.g. Clerk Maxwell's Matter and Motion^ chaps, i. ii. and iii. ; or the 
same author's Theory of Hcatt chap. iv. 
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From this equation we can find the space through which 
the weight has been moved by the application of the force F 
acting for the time t The time t is very small, therefore we 
may take the average velocity during this time as the arith- 
metical mean of the velocities at the beginning and end of the 
time, that is, as 

But as spacie described is equal to velocity into time, it 
follows that 

Then multiplying together the two equations we get 

and dividing by we have 

Fs = \mv'^ — \mv^. 

11. Now Fs measures the work done by the force acting on 
the body whose mass- is m, while that body moves through the 
space s, in the same direction as that in which the force is 
applied. But when work is done on a body that body gains 
energy. In the case before us this gain of energy is attended 
with an increase of the velocity of the body, and the energy 
gained is measured by half the product of the mass into the 
difference between the squares of the final and initial velocities. 
This form of energy which is connected with the motion of a 
body, or system of bodies, is called kinetic energy y and is to be 
distinguished from potential energy, which is the energy con- 
nected with the configuration of the parts of a body or system 
of bodies. 

If the force F acted on the body with mass tw in a direction 
opposite to the motion, then the force would act as a resistance 
to be overcome by the moving body. In this case the kinetic 
energy of the body would be decreased until the body came to 
rest, when the whole work done by it would be equal to the 
whole kinetic energy which it possessed when the force began 
to act*. 

^ If the time dnring which the force acts is not so short that the mean 
velocity may be considered as equal to the arithmetical mean of the velocities at 



Digitized by Google 



8 



PRELIMINABY SKETCH. [CHAP. I. g 12, 13. 



12. The energy of a sj^tem of mutually acting and reacting 
bodies will be composed of two parts, (1) the potential energy, 
that is the energy due to the relative positions of the bodies 
which form the system ; and (2) the kinetic, energy, that is the 
energy due to the motions of these bodies. Besides this, if the 
system as a whole is in motion it will possess a certain amount 
of kinetic energy due to this motion. In such a system there 
will sometimes be constant change of configuration and of the 
motions of the parts ; there will therefore be constant change of 
potential into kinetic energy and vice versa. If we know the 
motions of the parts at any moment we can calculate the kinetic 
energy by the method already given, viz. by multiplying the 
mass of each part by half the square of its velocity and taking 
the sum of these products. But we have no generally appli- 
cable method for calculating the potential energy. The relation 
between configuration and potential energy appears to vary for 
almost every system. The theory of potential energy is much 
more complicated than that of kinetic energy. In a theoretical 
system of bodies such as is treated of in abstract dynamics the 
only conditions present are the configuration and the motions of 
the parts of the system. Hence the energy which is not due to 
motion must be due to configuration. But although we know 
that part of the energy of actual material systems is sometimes 
dependent on configuration, e.g. the energy of a coiled watch 
spring, yet we are not able to state the exact relation between 
the energy and the configuration of such sj^stems. 

13. If one system does work on another, the amount of 
energy lost by the first system is exactly equal to the amount 
of energy gained by the second ; if therefore both systems are 
included in one larger system, the total energy of this larger 
system is unchanged. Similarly, if a part of one system does 
work on another part of the same system, the total energy of 

the beginning and end of the action, then ' * by dividing the whole time of action 
of the force into small parts, and proving that in each of these the work done by 
the force is equal to the increase of kinetic energy of the body, we may, by 
adding the different portions of the work and the different increments of energy, 
arrive at the result that the total work done by the force is equal to the total 
increase of kinetic energy" (Clerk Maxwell). See for more details Clerk 
Maxweirs Theory of Heat, pp. 87—92 (6th Ed.). 
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the system is unchanged, although one part of it has lost and 
another part has gained energy. This is the principle of the 
conse rvation of energy. This principle is thus stated by Clerk 
MaxwelP. 

" The total energy of any material system ie a quantity which 
" can neither be increased nor diminished by any a^ion between 
" the parts of the system, though it may be transformed into any 
" of the forms of which energy is suscept'^le" 

This principle has been proved to be absolutely true for 
systems fulfilling certain conditions, and it has been experimen- 
tally verified in cases where the energy of the systems examined 
takes the form of heat, electrification, magnetisation &c., indeed 
it is **the one generalised statement which is found to be 
consistent with fact, not in one physical science only, but in 
all."' 

14. If the configuration of a system is changed by the 
action of an external agent, then the energy of the system 
either increases or diminishes during this change. If the 
energy increases the agent has done work in the direction of 
the change of configuration ; if the energy decreases the system 
has done work on the external agent, and hence the force 
exerted by the external agent is in the direction opposite to that 
of the change of configuration. Hence " a complete knowledge 
of the mode in which the potential energy of a system varies 
with the configuration would enable us to predict every possible 
motion of the system under the action of given external forces, 
provided we were able to overcome the purely mathematical 
difficulties of the calculation."' 

15. In examining the action of forces on material systems, 
it is of course necessary to specify the directions in which these 
forces are applied. Thus force may be exerted by an external 
agent on a system with the production of a displacement of the 
system from one configuration to another, or force may be 

^ Matter and MotioTii art. 74. The whole of chap. v. of this little book should 
be carefully studied. 

* Id. loc, cit, art. 73. See also Id. Theory of Heat, pp. 92—3 (6th Ed.), also 
Tait's Heat, pp. 17—20. 

3 Clerk Maxwell, Matter and Motion, art. 88. 
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exerted by the system against an external agent which resists 
the displacement of the system. 

When we come to deal with the changes of energy which 
accompany the action of the so-called chemical forces, we shall 
find that one of the main difficulties is to specify the direction 
in which the forces are applied. 

16. The energy of actual material systems depends on the 
states of these systems at any moment. The state of a system 
is conditioned by the values of such variables as chemical 
composition, pressure, temperature, electrical potential &c. 
Hence the changes in the energy of a system will depend on 
the changes in the values of these, and other variables. 

Now in physical science we wish to measure changes of 
energy, and to connect these with changes in the values of the 
chemical composition, the electrical potential &c. of the system. 
To do this we must start with the system in some definite and 
defined state, we must bring it into another definite state, and 
we must measure the change of energy which accompanies this 
passage from the one state to the other \ 

The loss or gain of energy is independent of whether the 
passage from one state to another is effected directly, or through 
a series of intermediate states. 

In thermal chemistry we especially endeavour to measure 
energy-changes by thermal methods, and to connect these with 
changes of chemical composition. 

Section III. Heat First and second laws of thermodynamics, 

17. Heat is not a material substance, because the quantity 
of it can be indefinitely increased, and it can also be destroyed. 

Heat is a form of energy, because heat is produced by the 
application of mechanical work, and work is done by the action 
of heat. 

18. Moreover, there is a definite quantitative relation between 
the amount of work done and the quantity of heat produced or 
destroyed^. 

1 The reader should study arts. 86 to 91 in Matter and Motion, 

2 For a clear account of the progress of the doctrine that heat is a form of 
energy see Tait's Heat, chap. iv. pars. 21 to 31. 
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This application of the principle of the conservation of 
energy to thermal phenomena Ls^usually known as the first law 
of thermodynamics. 

Joule, and others, have measured the mechanical equivalent 
of heat. 

Joule found that in order to raise the temperature of one 
pound of pure water from 60'* to F. an amount of work must 
be done which is measured by 772*55 foot-pounds at sea-level 
in the latitude of Greenwich. If this is translated into metrical 
units, the statement runs thus : in order to raise the tempera- 
ture of one kilogram of water from 0® to 1** C. an amount of 
work must be done which is measured by 423 99 kilogram- 
metres. This number, 772'55 foot-pounds or 423*99 kilogram- 
metres, is usually called Joule's equivalent. 

19. In all natural occurrences there is a transformation of 
energy from one form to another; e.g. energy of electrical 

, separation may be transformed into heat, energy of chemical 
separation may be transformed into light or heat, or into 
electrical energy, and so forth. All fonns of energy can be 
directly or indirectly transformed into heat. 

20. It is necessary to distinguish between higher and lower 
forms of energy, in other words it is necessary to distinguish 
between energy which is more available and energy which is less 

> available for doing mechanical work. 

So far as heat is concerned, the only way in which this form 
of energy can be used for doing mechanical work is by letting it 
down from a body at a higher to a body at a lower temperature. 
A certain quantity of heat, therefore, as it exists in a hot body 
is more available than the same quantity of heat as it exists in 

^ a colder body. 

21. If all the heat in any bodi/, or system of bodies, is at the 
same temperature, then no mechanical work can be obtained from 
that body, or system, except by bringing it into contact with 
another body at a lower temperature, 

' This is one of the many forms in which the second law of 

thermodynamics may be stated\ 

^ 1 Compare MaxweH, Theory of Heat, p. 153 (6th Ed.) with Tait, Heat, p. 60. 
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If the system under consideration is regarded as comprising 
the whole physical universe, and if the temperature of this 
system is supposed to have become uniform, then no work can 
be obtained from this system by any method known to us, 
although the system may contain large stores of energy in the 
form of heat 

22. The running down of energy from a higher, i.e. a more 
available, to a lower, i.e. a less available form, is known as the 
dissipation, or perhaps better, the degradation of energy. Now 
as in every operation occurring in nature there is a transformation 
of energy, and as any transformation of energy, so far as we know, 
involves a running down of a portion of the energy transformed, 
the total energy of the material universe is continually becoming 
less and less available, it is continually undergoing degradation*. 

If this is so, it becomes a question of the greatest importance 
to determine what portion of a given quantity of energy in a 
stated form can be changed into work. So far as heat-energy 
is concerned this question has been answered by Camot, who 
proved that the fraction of the total quantity of heat which is 
converted into mechanical work by a reversible heat-engine 
depends entirely on the difference between the temperatures of 
the source of heat and the refiigerator. Carnot also proved 
that a reversible heat-engine is a perfect engine, that is to say, 
that no other engine can convert so large a fraction of the total 
heat into mechanical work*. ^ 



Section IV. Application of thermal methods to chemical 
problems. 

23. Every chemical reaction, as we have seep, is composed 
of two parts ; a transformation of matter, and a transformation 
of energy. 

In applying thermal methods of measuring energy-changes 
to the investigation of chemical phenomena, we start with a 
definite chemical system in a definite state, we allow this 

1 Compare Tait*s Heaty pars. 78—79. 

2 See Clerk MaxwelPs Theory of Heat, chap, viii., or Tait*s Heat, chap. iv. 
par. 81 et seq. 
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system to pass into another definite state and we measure the 
quantity of heat produced during this chemical change. 

24. If we assume that the whole of the energy wbkh has 
been lost by the system in the passage from the initial to the 
final state has appeared in the form of heat, then the measure- 
ment of this quantity gives us a measurement of the difference 
between the energies of the system in the two states. In many 
cases, however, a portion of the energy of the original system is 
directly changed into some form other than heat, e.g. into 
electrical energy, sound-energy, or radiant energy. If the 
amount of energy thus transformed is measured, or if the 
experimental conditions are arranged so that the electrical or 
other energy is finally changed into heat and the total quantity 
of heat is measured, then the total loss of energy suffered by 
the chemical system, in its passage from the defined initial state 
to the specified final state, is determined. 

25. The difliculties of thermal chemistry really begin when 
we try to use the results of such measurements as are indicated 
in the preceding paragraph. The problem is to measure the 
quantity of energy which has entered or left a given system 
during a definite chemical change. But the chemical change is 
always accompanied by and intermingled with physical changes, 
and it is usually very diflScult, if not indeed impossible, to 
disentangle the two parts, the chemical and physical parts, of 
the complete change. Moreover it is scarcely possible at 
present correctly to interpret the meaning of the phenomena 
presented by the chemical change. 

Section V. Hypothesis regarding the mechanism of chemical 

changes, 

26. That matter has a grained structure, in other words, 
that a mass of matter is not homogeneous, is proved by (1) the 
phenomena presented by the passage of a ray of white light 
through a refractive medium, (2) the phenomena of contact 
electricity, (3) the phenomena of liquid films e.g. soap-bubble- 
films, and (4) the behaviour of gases. 

These four groups of phenomena cannot be explained in 
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terms of any hypothesis which asserts that an apparently 
homogeneous mass of matter is really homogeneous ; the 
phenomena force us to accept the hypothesis that were any 
piece of matter, e.g. a drop of water sufficiently magnified, we 
should see that it is built up of a vast number of small particles, 
each of which possesses the properties that distinguish water 
from all other kinds of matter. The hypothesis further asserts that 
these small parts of any material body act and react in accordance 
with the principle of the conservation of energy. When the 
body is heated the motion of agitation of these small particles 
is increased. These particles are called molecules. 

27. Confining our attention to gases we may adopt the 
following definition : 

'A gaseous molecule is that minute portion of a substance 
which moves about as a whole, so that its parts, if it has any, do 
notjKirt company during the motion of agitation of the gasJ^ 

28. The pressure of a gas on the walls of a containing 
vessel is, on this hypothesis, an effect of the impact of the 
molecules, and this again depends upon the number and the 
velocity per unit of time of these molecules. If the number of 
molecules in a given volume is increased, i.e. if the density of 
the gas is increased, the pressure is proportionately increased. 
This is the law of Boyle. 

Assuming that the temperature of a gas represents the 
mean kinetic energy of the molecules of that gas, then if two 
gases are in thermal equilibrium, 

where M and ilf, represent the masses, and V* and the 
mean squares of the velocities of the molecules of the two gases. 
But if the pressures of the two gases are equal, 

then MNV'^M^NJ,'; 

where N and N^ represent the number of molecules in unit 
volume of the two gases. 

29. From these two equations it follows that 

^ Clerk Maxwell, article ' Atom ' in Eneycl. Britanmca (9th ed.). 
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that is, when two gases are at the same pressure and tempera- 
ture the number of molecules in unit volume of either gas is the 
same. 

And as the density of a gas is equal to the product of the 
mass of the individual molecules into the number of molecules 
in unit volume, and as the number of molecules in unit volume 
of the two gases is the same, it follows that the densities of two 
gases at the same temperature and pressure are propwtional to the 
masses of their individual molecules. 

ITie two statements in italics have been long known in 
chemistry as Avogadro's law; they are now, however, raised from 
the rank of empirical statements to that of dynamical deductions 
from the fundamental hypothesis of the molecular theory of 
matter*. 

These statements are of the utmost importance in chemistry, 
as they furnish a means of determining the relative weights of 
the molecules of all gaseous bodies. 

30. The statements may be put more shortly in this form : 
Equal volumes of gases, at the same temperature and pressure^ 

contain equal numbers of molecules. 

Consider the following chemical changes ; the temperature 

and pressure remaining constant. 

(1) Hydrogen + Bromine (gases) = Hydrobromic acid (gas) ; 
volumes 1 + 1 =2. 

(2) Hydrogen + Chlorine (gases) = Hydrochloric acid (gas) ; 
volumes 1+1 =2. 

Now, if equal volumes of gases contain equal numbers of 
molecules, there must be as many molecules of bromine gas as of 
hydrogen taking part in change (1), and as many molecules of 
chlorine as of hydrogen taking part in change (2). Let there 
be p molecules of hydrogen, then there are p molecules of 
bromine and p molecules of chlorine in the combining volumes 
of these gases. But 2p molecules of hydrobromic acid gas, and 
2p molecules of hydrochloric acid gas, are produced. But each 
molecule of hydrobromic acid is composed of hydrogen and 
bromine, and each molecule of hydrochloric acid is composed of 

^ The student should carefully peruse chap. xxii. of the Theory of Heat. 
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hydrogen and chlorine. Hence, each molecule of hydrogen, and 
each of bromine (or each molecule of hydrogen, and each of 
chlorine) has separated into at least two parts, and each of 
these parts, or half-molecules, of hydrogen has combined with a 
half-molecule of bromine (or chlorine) to produce a molecule of 
hydrobromic (or hydrochloric) acid gas. 

31. Hence we conclude that, although the molecules of 
hydrogen move about as wholes when hydrogen is heated, 
nevertheless these molecules are themselves composed of parts, 
and these do part company when hydrogen and bromine, or 
hydrogen and chlorine, mutually react to produce hydrobromic 
or hydrochloric acid gas. 

By extending this method of inquiry to a great many 
chemical changes in which hydrogen takes part, we arrive at 
the conclusion that any molecule of hydrogen is composed of 
two parts, and that during at least many chemical reactions a 
separation of the molecule into its parts occurs. 

32. The parts of the molecule of an elementary gas are 
called atoms. 

The molecule of hydrogen is composed of two atoms ; it is a 
diatomic molecule. And as hydrogen is the standard substance 
in terms of which the relative weights of the molecules, and 
atoms, of other gases are stated, we say that the atomic weight 
of hydrogen is one, and that the weight of the molecule of 
hydrogen, represented by the symbol H,, is two. 

33. To determine approximately^ the relative weight of 
the molecule of any gas it is only necessary to determine the 
density of that gas referred to hydrogen, and to multiply this 
number by two. Thus oxygen is sixteen times heavier than 
hydrogen, hence the molecular weight of oxygen gas is thirty- 
two. 

The following table gives the mean results obtained in 
determining the densities of the thirteen elementary bodies 
which have been gasified up to the present time. 

^ See |?ost, par. 34. 
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Molecular weights of elementary gases. 



Name of element. 


Temp, of 
obseryation 
( approximate) . 


Density 
H = l. 


weight. 


Hydrogen 


/Ml 

0" 


1 


2 


Nitrogen 


0" 


1402 


28-02 


Oxygen 


0°— 1400" 


15-96 


31-92 


„ ozone 




23-93 


47-88 


Sulphur 


500* 


95-55 


191-88 




800"— 1400" 


32-2 


63-96 


Chlorine 


200" — 1200" 


35-36 


70-74 


Cadmium 


1000^ 


56-8 


112-1 


Phosphorus 


500"— 1000" 


62 


123-84 


Arsenic 


600"— 800" 


150-5 


299-6 


Bromine 


100" 


78-75 


159-5 


y, 


about 1500" 


58-9 


? 


Selenion 


850" 


110-7 


236-4 


Mercury 


1400" 


80-5 


157-6 


400"— 1000" 


99-85 


199-8 


Iodine 


200"— 800" 


125-85 


253-07 




1300"— 1500" 


68-7 


[1126-52] 


Tellurium 

1 


1400" 


127 


250 



34. It will be noticed that the numbers in column iv. are 
not always exactly double those in column ill.. The value 
obtained for the density of a gas is necessarily subject to errors 
of experiment ; nor in chemical investigations do we attempt to 
determine these values by any very refined experimental 
methods. We rather find, with the greatest care and refinement 
of experiment possible, the value to be assigned to the combining 
weight of each element, i.e. the mass of the element which 
combines with one part by weight of hydrogen or with 7*98 
parts by weight of oxygen \ The molecular weight of an element 
must be equal to, or a multiple of its combining weight, and the 
molecular weight of a compound must be equal to the sum, or 
to a multiple of the sum of the combining weights of its con- 
stituent elements. Hence it follows, that accurate determinations 
of the combining weights of different elements, and approximately 
accurate determinations of the densities of these elements and 
their compounds in the state of gases, furnish the data required 

^ See ante^ par. 4. 
M. T. C. .2 
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for finding the most probable values to be assigned to the mole- 
cular weights of the elementary and compound gases in question. 

Thus, the combining weight of chlorine has been very 
carefully determined by Stas to be 35-37. An experiment 
which may be easily and rapidly performed shews that chlorine 
is approximately 35^ times heavier than hydrogen ; hence the 
molecular weight of chlorine gas is evidently very nearly equal 
to 35-37 X 2 = 7074. 

Again the combining weight of beryllium, as very accurately 
determined by Nilson and Pettersson, has been found to be 
4-54. The chloride of this metal contains beryllium and 
chlorine united in the proportion of 4*54 to 35*37, hence the 
molecular weight of this chloride is n (35 37 + 4 54). Beryllium 
chloride has been recently gasified by Nilson and Pettersson ; 
the density of this gas is about 40^ times that of hydrogen, 
therefore the molecular weight of the gas is about 81. Now 
35*37 + 4 54 = 39*91 ; hence the molecular weight of the gas is 
39-91 X 2 - 79-82. 

35. In paragraph 32 it was said that the parts of the 
molecules of an elementary gas are called atoms. The atoms of 
the elements are the ultimate portions of matter with which we 
have to deal in chemistry. 

Now the molecule of a compound gas must be built up of 
two or more elementary atoms (refer back to the reactions 
studied in par. 30). It is evident that no molecule of a compound 
can contain less than one atom of each element present in the 
compound. 

36. Hence we arrive at the following definition of the 
maximum value to be given to the atomic weight of an 
element : — 

The maadmum atomic weight of an element is the smallest 
masSy in terms of hydrogen as unity, of that element in a molecule 
of any compound thereof 

The word maadmum is introduced into this definition 
because the value assigned to an atomic weight by this method 
may be too large, but is certainly not too small. For, consider 
what the definition implies. It implies that a number of gaseous 
compounds of the element whose atomic* weight is required are 
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known, that these have been carefiilly analysed, and the density 
of each has been determined. It implies that the mass of the 
given element in each of these compounds is stated in parts 
per molecule. Then the smallest mass is said to be the 
maximum atomic weight of the element. But it is possible 
that a new gaseous compound of this element may be prepared 
which shall contain, per molecule, a smaller mass of the element 
than is found in a molecule of any of its compounds at present 
known. In this case the value now assigned to the atomic 
weight will be decreased. 

Take the following data for determining the atomic weight 
of oxygen : — 

Data for determining the atomic weight of oxyg* 




Gaseous compound. 


Density 
H = l. 


Molecular 
weight 
(approximate). 


V^i. ' 'J 

Analysis, stated in parts pef^ - 
molecule. 


Carbon dioxide 
Sulphur dioxide 
Sulphur trioxide 


22-07 

32-4 

43-4 


4415 

64-9 

86-9 


31-92 oxygen +11-97 carbon 
31-92 „ +31 -98 sulphur 
47-88 „ +31-98 „ 



Were no other gaseous compounds of oxygen known than 
those in this table, we should adopt the number 31*92 as the 
maximum value to be given to the atomic weight of this element. 
But consider the following numbers : — 



1 

Gtiiseous compound. 


Density 
H=l. 


Molecular 
weight 
(approximate). 


Analysis, stated in parts per 
molecule. 


Carbon monoxide 

Water 

Nitric oxide 

1 


13-9 
8-9 
15 


27-96 
17-99 
30-00 


15-96 oxygen + 1 1 -97 carbon 
15-96 „ +2 hydrogen 
15-96 „ + 14-01 nitrogen 



Hence the value previously given is too large, and the 
maximum atomic weight of oxygen must now be taken as 15*96. 

The greater the number of gaseous compounds of a given 
element which have been examined, the greater is the probability 
that the maximum value assigned to the atomic weight is the 
true value. 

2—2 
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^, ^. , molecular weight of element . , 

37. The Quotieat — ; . ^ . r — is called 

^ atomic weight oi element 

the atomicity^ of the elementary molecule. As it is sometimes 

said that for the maiority of the elements "^^^^^^^^^ wei^ it ^ 

atomic weight 

it may be well to place before the student the actual data which 
we have concerning the value of the quotient in question. 



Atomicity of elementary molecules, (Only thirteen elements 
have been gasified.) 



Monatomic. 



Cadmium 

Mercury 

Iodine 
(at about 1500") 
[1 Bromine at 
about 1800"] 



Diatomic. 



Triatomic. 



Hydrogen 
Chlorine 



Oxygen as 
ozone 



Bromine j Selenion 
Iodine ! (700"-800") 

(200" to about j 
1000") I 
Oxygen I 
Sulphur ! 
(at 800" and 

upwards) 
Selenion 
(at 1200" and 

upwards) 
Tellurium 
Nitrogen 



Tetratomio. 



Phosphorus 
Arsenic 



Hexatomic. 



Sulphur 

(450" to about 
550") 



38. There are other methods than that based on the appli- 
cation of Avogadro's law for determining the values to be assigned 
to the atomic weights of the elements. The most generally 
applicable of these methods is that founded on the law of Dulong 
and Petit. 

This generalisation states that the product of the specific 
heat of any solid element into the atomic weight of that 
element is a constant number, the mean value of which is 6*4. 

^ The term atomicity has been used as synonymous with maximum valency of 
an elementary atom ; but chemists are now fairly weU agreed to employ the 
term with the meaning given to it in the text. 
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If this is granted it follows that 



6-4 



specific heat of solid eiemeut 



= atomic weight of the element (approximately). 

But the specific heat of a solid body is a number which varies 
with the temperature and with the physical state of the body. 
Thus, the specific heat of diamond at moderate temperatures is 
different from that of graphite, and the specific heat of any 
variety of carbon has a much larger value at high than at low 
temperatures. 

Several elements have not as yet been obtained in the solid 
form, or not obtained in sufficient quantity and purity to enable 
satisfactory determinations of their specific heats to be made. 

39. Another method by the use of which the values of some 
atomic weights have been fixed is based on the law of isomor- 
phism, which states, that identity of crystalline form is conditioned 
only by the number and arrangement of the atoms in the mole- 
cules of the isomorphous (i.e, crystallographically identical) 
compounds. Hence, on this hypothesis, if the number of atoms 
in the molecule of one compound is known, the number of atoms 
in the molecule of another compound which crystallises in the 
same form is known also ; and hence, if the atomic weights of 
all the elements except one in the second compound are known, 
the atomic weight of the remainiug element can be determined. 
Thus the value assigned to the atomic weight of chromium by 
the use of the methods founded on Avogadro's law, 'and on the 
law of Dulong and Petit, is, 52*4 ; from this, and from the results 
of analysis, the molecular weight and composition of the green 
oxide of chromium are represented by the formula n Cr^Og, where 
Cr = 52*4 and n is a whole number\ But ferric oxide and chromic 
oxide are isomorphous, hence ferric oxide is probably represented 
by the formula n Fe^Og. If this is so then Fe=56; because 104*8 
parts by weight of chromium are combined with 48 of oxygen in 
chromic oxide, and 112 of iron are combined with 48 of oxygen 
in ferric oxide ; in other words, 104 8 parts by weight of chromium 
in the oxide are replaced by 112 of iron without change of 
crystalline form. But 104*8 represents the weight of two atoms 
of chromium, therefore, as identity of crystalline form is associated 

1 As this oxide has not been gasified we cannot decide what is the value of n. 
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with identity of numbers of atoms, 112 represents the weight of 
two atoms of iron, and therefore the atomic weight of iron is 56. 

The application of the method of isomorphism to determine 
atomic weights is however beset with many difficulties. Some- 
times a group of atoms is crystallographically equivalent to a 
single atom; sometimes it is very difficult to determine the 
exact meaning to be given to the expression 'isomorphous 
compounds.' In a word, our knowledge of the connections 
between crystalline form and chemical composition is too small 
to enable us to assent to the law of isomorphism in the form in 
which it is usually stated. 

40. Besides these three physical methods, there are various 
chemical methods for finding values for the atomic weights of 
elements. These may be broadly grouped together as methods 
based on analogies of composition and reactions between 
compounds, the molecular weight of one or more of which is 
already known. 

Thus, compounds of hydrogen with (1) sulphur, (2) selenion, 
(3) tellurium, are known. These compounds shew very close 
resemblances in their chemical behaviour, hence probably their 
composition is very similar. The composition of the molecule 
of the sulphur compound is represented by the formula SH^ ; 
hence the composition of the other compounds will probably 
be represented by the formulae SeH, and TeH^ respectively. 
These formulae are quite in keeping with the analyses of the 
compounds, provided the value 7S'S is given to the atomic 
weight of selenion and 125 to that of tellurium. 

But there is no generally applicable chemical method for 
finding either molecular or atomic weights. Each case has to be 
discussed more or less as a separate question*. 

Concluding remarks to Chapter I. 

41. The student must bear in mind that the molecular 
theory of the structure of matter is a theory, not a statement 
of facts, but that it is a theory which has very much aided the 
advance of physical science. He should also particularly 

^ The subject of atomic and molecular weights is of the utmost importance ; 
it has been treated in detail and fully illustrated by examples in A Treatise on 
the Principles of Chemistry " by the author. 
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remember that the theory has been worked out in any detail 
only for gases : indeed it may be said that for gases alone have 
we any kinetic theory. 

We shall use this theory as our chief guide in attempting to 
interpret chemical phenomena which occur among gaseous or 
gasifiable bodies, when we are chiefly paying attention to these 
phenomena from the point of view of the composition of the 
changing chemical system. For it should be remembered that 
any chemical occurrence presents two distinct although closely 
connected aspects. It presents us with a transformation of 
matter, and a transformation of energy. In treatises on general 
chemistry, the former transfonnations, or we may almost say the 
initial and final stages of the former transformations, are alone 
studied. In treatises on heat, attention is particularly directed 
to the second class of transformations. In thermal chemistry, an 
attempt is made to combine both aspects of the occurrences 
which we call chemical changes, and to generalise the relations 
between the two kinds of transformations. 

42. A chemical change, if it is possible to isolate the — 
chemical part from accompanying physical parts of a process, will 

be regarded as essentially a change in the distributions, configu- 
rations, and motions of atoms which together form a molecule or 
molecules. Strictly speaking this definition can be applied only 
to gases, and even then it is difficult if not impossible to keep 
within the terms of the definition. Nevertheless it is well that 
w^e should have such a definition. The energy-changes which 
we shall have to study will be regarded as changes accompanying 
alterations in the distributions, configurations, and motions of 
atoms. But here again we shall find ourselves compelled to relax 
the definition, and frequently to leave the inquiries as to the 
exact mechanism whereby the transformations of energy we are 
dealing with are brought about, more or less unanswered. 

43. The physical inquirer regards the properties of any 
kind of matter as conditioned by the nature of the molecules, by 
the number and arrangement of these molecules in a given 
volume, and by the motions of these molecules. The molecule 
may have parts ; if so the total kinetic energy of the material 
system must be composed of two parts, one part due to the 
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motion of agitation of the molecules as wholes, and the other 
due to the rotational motions of the parts of the molecules. The 
properties about which the chemist seeks to gain knowledge are 
rather regarded as chiefly conditioned by the nature, number, 
arrangement, and motions of the parts of the molecules which 
build up the body he examines. To gain such knowledge he 
must study the action of various external agents, e.g. heat, other 
chemical bodies &c. on the substance whose properties he investi- 
gates. He is thus bound to study changes; he does not so 
much desire to know the properties of this body or that system 
considered apart from other bodies or systems, as to learn how 
the properties of mutually acting systems are modified by those 
actions, and more especially when he studies thermal chemistry 
he wishes to learn something of the connections which exist 
between the changes in the nature, number, distribution, and 
motions of atoms, on the one hand, and the changes of energy 
on the other hand. 

44. It is proposed to divide the subject matter of thermal 
chemistry into the following groups. 

I. Statement and illustrations of methods of inquiry. 

II. Applications of thermal methods to chemical questions. 

III. Applications of the same methods to questions which 

are partly chemical and partly physical. 

IV. Discussion of the chemical interpretation to be given 

to thermal data, in the light of the prevalent theo- 
ries regarding matter and energy. 
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METHODS OF INQUIRY USED IN THERMAL CHEMISTRY. 

Section I. Measurement of heed or Calorimetry. 

45. As heat is a form of energy it may be measured by 
transforming it into mechanical work and measuring the work 
done in terms of some unit e.g. the erg. But heat may also be 
measured by causing it to produce some definite physical change 
in a given mass of a given substance. * When two equal 
portions of the same substance in the same state are acted on 
by heat in the same way so as to produce the same effect, then 
the quantities of heat are equal' \ 

46. The standard substances usually employed are (1) ice, 
and (2) water. 

If ice is employed, the unit of heat is defined to be that 
quantity of heat which will change unit mass of ice into the 
same mass of water without any rise of temperature, the 
pressure being 760 mm. throughout the change. 

If water is employed, the unit of heat is defined to be that 
quantity of heat which will raise the temperature of unit mass 
of water at some standard temperature through one degree. 

As unit mass, one pound, or one grain, or one kilogram, 
or one gram, may be used. 

In almost all thermochemicat researches the unit mass 
actually employed has been one kilogram or one gram. If the 
former, the unit of heat is generally called a large calorie or a 
kilogram-unit ; if the latter, the unit of heat is called a small 

1 Maxwell, Theonj of Heat, p. 54 (6th ed.). 
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calorie or a gram-unit. If the heat is measured by allowing it 
to melt ice without raising temperature, then the unit of heat 
is called the ice-calorie ; if the heat is measured by causing it 
to raise the temperature of water through one degree, then the 
unit of heat is called the water-calorie. One ice-calorie is equal 
to 80 025 water-calories. 

47. The quantity of heat required to raise the temperature 
of unit mass of water through one degree depends upon the 
initial temperature of the water. This initial temperature must 
therefore be stated. Berthelot * employs water at 0® C ; Thomsen*, 
water at 18 — 20° C. The diflFerence in the value of the calorie 
dependent on this diflFerence of initial temperature does not 
exceed one in a thousand. 

The unit of heat generally adopted in this book is defined 
to be that quantity of heat which is required to raise the 
temperature of one gram of pure water at 18 — 20° C through 
one degree centigrade'. 

48. Various forms of calorimeters are used in thermochemi- 
cal investigations. The instrument usually employed for 
measuring the quantities of heat produced in reactions between 
substances in aqueous solutions consists of a platinum vessel, 
capable of containing from 500 to 1000 c.c, placed inside 
another vessel of silver or thin sheet iron, with water between the 
two vessels. The liquids which react on each other are brought 
to the same temperature, and are then mixed in the platinum 
vessel, and the rise of temperature in the contents of this 
vessel is registered. The outer vessel serves to prevent any loss 
of heat to the surrounding air. Many devices are adopted for 
securing this end (see par. 49). Berthelot surrounds his 
calorimeter proper with several other vessels of silver and sheet 
iron, each furnished with a cover, a thermometer, and a stirrer. 
Thomson prefers to employ fewer exterior vessels ; he works in 
a room the temperature of which does not vary more than 
0°'l to 0^*2 C during the time his experiments proceed. 

1 Mecanique Chimiqtie fondie sur la Thermochemie, 1. xxxi. 

2 Thermockemiscke IJnteratLchungen, 1. 23. 

3 Some data are quoted from Berthelot or his pupils; these are given in 
Berthelot's calories which are referred to water at 0<>. 



i 

Digitized by Google 



SECT. I. § 49.] 



CALORIMETRY. 



27 



The specific heat of the liquids which are mixed in the 
calorimeter must be carefully determined throughout a con- 
siderable range of temperature. 

Special kinds of calorimeters have to be employed for special 
purposes. When the heat produced during the burning of an 
element or compound in oxygen, or in another gas, is to be 
measured, a bulb of platinum is usually employed. This is 
placed in a vessel, or vessels, containing a known mass of water 
at a known temperature. The combustion proceeds in the 
bulb, and the heat produced is employed in raising the tempera- 
ture of the water in the calorimeter. If the products of the 
combustion are gaseous they must be collected in a specially 
constructed apparatus and their weight determined. Some- 
times small quantities of material must be employed e.g. 
in the action of nitric acid upon benzene. Sometimes the 
reaction must proceed in a closed vessel e.g. when one of 
the reacting substances is changed by contact with air. Some- 
times the reaction must be conducted at a temperature con- 
siderably higher than the ordinary ; in such a case the apparatus 
is enclosed in an outer case, the space between the two parts 
of the apparatus is filled with air or with some liquid, and the 
temperature is maintained at the required degree by immersing 
the whole apparatus in a bath. 

The most delicate thermometers must of course be employed ; 
each instrument must be carefully calibrated and the errors of 
zero point &c. determined from time to time. 

When a reaction occurs between two liquids it is very 
necessary to keep the liquids constantly agitated ; the water in 
the outer part of the calorimeter must also be maintained in 
constant agitation. Various forms of agitators have been de- 
vised by Berthelot, Thomsen, and others. Thomsen employs a 
small electromagnetic engine to work the agitator of his 
apparatus. 

49. In this paragraph short descriptions are given of the principal 
calorimeters commoDly used by Berthelot and Thomsen. For details 
regarding these instruments, and for descriptions of the various 
precautions taken, and the corrections which must be made, the 
student is referred to the memoirs and books to which references are 
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given below'. He should more especially consult the pages of 
Berthelot's Mecaniqm Chimiqive and Thomsen's Thermochermsclie 
U rUersuchungen, 

A. Calorimeters for measuring the 
thermal values of reactions be- 
tween aqueous solutions, or be- 
tween a solid and water, or a 
gas and water ; e.g. the neutra- 
lisation of acids by alkalis in 
aqueous solutions, or the action 
of water on copper sulphate, or 
the action of hydrochloric acid 
on water. 

The temperature of the liquids to 
be mixed must be the same when the 
reaction begins ; all the heat evolved 
in the process must be used in raising 
the temperature of the mixed liquids. 

'Bert helot employs a fairly large 
platinum vessel (about 600 c.c. capa- 
city) ; if the liquids act upon platinum 
he uses flasks made of very hard Bo- 
hemian glass. As stirrer he employs 
thin sheets of platinum or glass ar- 
ranged in a screw-like fashion (see 
tig. 1). The stirrer is moved back- 
wards and forwards in the liquid 
through an arc of 30' to 35°. Berthe- 
lot places his calorimeter proper 

^ References to memoirs dkc. where calorimeters and calorim£tric methods are 

described. 

Berthelot. Essai de Mecanique Chimique, 1. Booh 2 ; M^thodes exp6ri- 
mentales ; also loc, cit. supplement. 

Thomsen. Thermochemische Untersuchungen. 1. pp. 18 — 24; 27 — 35; 2. 
8—18; 45—47; 68—70; 305-^; 339—363; 3. 222—225. 

Favrb and Silbermann. Ann. Ghim. Phys. (3) 34. 369 ; 36. 44. 

Favre. Compt. rend. 66. 788 ; 73. 717. 

BuNSEN. Pogg* Ann, ^4SCT 1. See also in connection with the use of 
Bunsen's ice-calorimeter, Schuller and Wartha, Ber. 8. 1011 ; and 10. 1298. 
NiLSON and Pettersson, Ber. 11. 385. Donath, Ber. 12. 744. v. Thau. 
Wied. Ann. 13. 85. 

2 Mecanique Chimique. 1. 110. 




Fig. 1. 
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(A fig. 2), with its cover and thermometer (A' fig. 2), in an outer 
vessel of thin copper, which is immediately surrounded by another 
vessel of silver with a cover (B fig. 2) ; this vessel is placed in a 
considerably larger double walled vessel of sheet iron {C fig. 2), con- 
taining from 10 to 14 litres of water between the walls, and furnished 
with a stirrer (2> fig. 2) and thermometer (E fig. 2). The whole 
series of vessels is surrounded with thick felt. The calorimeter 
proper rests upon three pieces of cork, the silver vessel likewise rests 




upon cork. The water is placed in the outer vessel some days before 
an experiment is to be made. The whole apparatus stands on a 
wooden bench in a large room protected from the sun's rays. All the 
liquids, the thermometers, the stirrers, &c., are placed in this room 
some days before the experiments begin so that every thing may be 
as nearly as possible at the same temperature. 

The liquids to be mixed, e.g. aqueous solutions of sulphuric acid 
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and caustic Hoda^ are placed in flasks made of thin bard glass with 
very short necks, (if long-necked flasks are used the difference 
between the temperature of the L'quid in the flask and that in the 
neck may amount to one or twD- tenths of a degree C.) ; the flasks 
are placed on straw rings inside silver vessels until the contents 
attain a constant temperature. 

Let us suppose it is desired to determine the thermal value of 
the reaction between equivalent quantities of sulphuric acid and 
potassium sulphate, each in dilute aqueous solution. Two large flasks, 
containing about 4 litres each, are filled with the carefully prepared 
solutions; after these, and the other parts of the apparatus, have 
been for some days, in the experimenting room, two flasks, holding 
300 CG. each, are filled with the respective liquids, one of the liquids 
is poured into the calorimeter, the stirrer is set in motion and the 
temperature is noted at regular intervals. The flask containing 
300 C.C. of the other liquid is set on a straw ring in a metallic vessel, 
the contents are stirred by means of a thermometer and the 
temperature is noted at regular intervals. When the temperature 
of each liquid has become nearly constant, the flask is seized by 
a wooden holder, the contents are rapidly emptied into the 
calorimeter, (the stirrer being in motion all the time) and the course 
of the thermometer is noted for some time. 

The following numbers are taken at haphazard \ 

First liquid (sulphuric acid, 49*0 grams in 4 litres) 300 c.c. in 
calorimeter ; temp. = 23°'45. 

Second liquid (potassium sulphate, 87*1 grams in 4 litres) 300 c.c. 
in a flask ; temp. = 23^-44. 

Mixed liquids; temp. = 23°-33. 

Hence, mean temp, before mixture = 2 3° 445 ; temp, after 
mixture = 23°-33. 

Fall of temperature = 0®*115. 
Experiment repeated. 

Temp, of first liquid = 23^-43 ; of second liquid = 23°-405. 

Mean temp. = 23''-4175. 
Temp, of mixed liquids = 2 3°-305. 

Fall of temperature = 0^-1 1 25. 
The thermometers used indicated a difference of 0® 005. 
If one of the liquids which mutually react is very volatile (e.g. 

^ Eor a statement and discussion of the necessary precautions and corrections, 
see Berthelot, loe. ciU 1. 171—180. 
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hydrocyanic acid or cyanogen chloride), or changes on exposure to air 
(e.g. concentrated sulphuric acid, phosphorus chloride d^c), or gives 
off vapours (e.g. concentrated acid solutions), then it must be weighed 
in a small tube or bulb of thin glass. This bulb is placed on a 
small platinum support, immersed in the liquid in the calorimeter 
(which is stirred till the temperature is constant), and then broken 
by a little crusher of platinum or glass. If the reaction is rapid and 
is attended with evolution of much heat, e.g. the mutual action of 
water and phosphorus trichloride, the small bulb has a long fine- 
drawn out neck, the end of which is broken in the calorimeter so 
that the liquid slowly passes into the bulb. In some cases the bulb 
is furnished with a tube bent twice at right angles, so that ^ny gases 
evolved during the reaction may pass through the tube and then into 
the liquid in the calorimeter. 

Solids to be dissolved in liquids in the calorimeter are carefully 
powdered and sifted, the temperature is approximately deteimined by 
surrounding the bulb of the thermometer with the solid, and the 
substance is rapidly thrown into the calorimeter. Sometimes it is 
necessary to crush a solid in the calorimeter, (e.g. a deliquescent salt) ; 
this is done by means of a little piece of platinum attached to a long 
thin stem which terminates in a wooden handle. The thermal value 
of the action of a liquid (e.g. water) on a salt dehydrated by heat is 
determined by heating the salt in a small weighed flask, cooling in a 
dry atmosphere, throwing a portion of the salt into the required liquid 
in the calorimeter, and weighing the salt which remains in the dask. 

If the thermal value of an action between a gas and a liquid 
which absorbs it is to be determined, the tube conveying the pure 
dry gas into the liquid in the calorimeter is furnished with a 
three-way stopcock, which is arranged so that the gas passes through 
the tube for some time and drives out all the air; the stopcock is 
then turned, and the gas passes into the liquid in the calorimeter. 
The quantity of gas absorbed can be determined by weighing the 
calorimeter before and after the experiment, or by analysing the 
liquid in the calorimeter when the action is completed. The gas is 
usually allowed to pass until a change of temperature amounting to 
2" or 3° has been registered. 

The calorimeter which Thomsen employs for measuring the thermal 
values of reactions between liquids which do not readily evaporate, 
or evolve gases during their mutual action, consists of two platinum 
vessels, placed one at a higher level than the other \ The capacity of 

1 TliermockemUche Untersuchungen 1. 18 — 24. 
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the upper vesse] (A fig. 3) is 500 c.c. ; that of the lower (B fig. 3) 
being 1000 c.c. Each is surroanded by an outer vessel (G and Z> 
fig. 3), and each is furnished with a stirrer (c and c') and a thermometer 




Fio. 3. 



(t and t')y and is covered by a lid. Communication between the 
two vessels is established by means of a short platinum tube (d). 
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stopped at its upper end by a plug of platmum (e) ; this plug can be 
remoTed by raising a platinum rod (/) which passes through the 
cover of the upper vessel of the calorimeter. The liquids which are 
to be mixed are weighed out into the two vessels, the stirrers are set 
in motion, and the temperature of each liquid is noted at regular 
intervals. When the temperatures are the same the platinum plug is 
withdrawn ; the liquid in the upper vessel flows rapidly into the lower 
vessel (the stirrer being in motion) ; and the course of the thermometer 
in the lower vessel is noted for some time (from 3 to 6 minutes). 

Thomsen surrounds his calorimeter proper with one outer vessel 
only; the temperature of the room in which he works does not vary more 
than O^'l to 0^*2, during the time he daily devotes to his experimeots*. 

B. Calorimeters for measuring the thermal values of processes 
of combustion, or of reactions between liquids, or liquids 
and solids, wherein much heat is evolved ; e.g. combustion 
of hydrogen in chlorine, action of nitric acid on benzene 
or on cellulose. 

For measuring the thermal value of the combustion of hydrogen 
in chlorine, Thomsen employs a platinum bulb of about 500 c.c. 
capacity {A fig. 4), placed in a vessel containing 3000 grams of 




Fig. 4. 



^ For a description of the room and the methods used for maintaining a 
constant temperature, see Thomsen, loc. cit. 1. 22 — 24. 

M. T. C. 3 
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water (B fig. 4), itself surrounded by a larger vessel with double 
walls the space between which is filled with water (C fig. 4). Pure 
dry hydrogen and chlorine flow at a definite and constant rate ^ into 
the platinum bulb (A) ; the combustion is started by the passage of slu 
induction-spark between two thin platinum wires on either side of the 
openiug of the tube which delivers chlorine. A third tube conducts 
away the hydrochloric acid which is formed, into water contained in 
a flask and two tubes {D and U fig. 4), which are weighed before 
and after each experiment. The solution of hydrochloric acid formed 
in the absorption-apparatus is carefully analysed after each combus- 
tion. The calorimeter (B) and the outer vessel (C) are each 
furnished with a stirrer and a thermometer. 

Berthelot determines the thermal value of such reactions as thsLt 
which occurs when sulphur is burnt in oxygen, or when hydrogen is 
burnt in oxygen or in chlorine, in a calorimeter consisting essentially 
of a cylindrically shaped vessel of thin hard glass of about 400 c.c. capa- 
city, surrounded by about 1000 c.c. water contained in a calorimeter 
of platinum with its surroundings of outer vessels as described on p. 29. 




Fig. 6. 

^ Those parts of the apparatus for making and purif3dng hydrogen and 
chlorine are not shewn in fig. 4 : for details, which are very complicated, see 
Thomsen loc. cit. 2. 8 — 18. 



Digitized by Google 



SECT. L § 49.] 



(CALORIMETERS. 



Fig. 5 represents the apparatua The glass vessel has two necks. 
Oxygen (or whatever the gaseous supporter of the combustion may 
be) enters by the tube a which passes through the narrower neck. 
The wider neck is fitted with a cork through which passes a glaas 
tube b ; the small porcelain crucible c is suspended by a platinum 
wire immediately underneath the centre of the tube 6. Plates of 
mica (d, d) protect the cork from being scorched during the reaction. 

Near the bottom of the glass vessel is an opening from which 
proceeds the glass spiral tube e\ the gaseous products of 

combustion pass away through this spiral after being cooled by the 
water in the calorimeter. 

The combustion of sulphur and of certain solid hydrocarbons in 
oxygen is described in detail by Berthelot\ The combustion of 
sulphur is started by dropping a small piece of burning charcoal 
through the tube h into the crucible e which contains the sulphur. 
Special arrangements are described for condensing and measuring the 
sulphur dioxide (and small quantity of carbon dioxide) produced. In 
the combustion of a solid hydrocarbon the crucible e is replaced by a 
small metallic lamp, with a wick of asbestos, containing the hydro- 
carbon, which is ignited just as the lamp is introduced into the glass 
vessel. The carbon dioxide and water produced are collected by special 
methods ; traces of unbumt hydrocarbon are collected and weighed. 




Fig. 6. 



* M4canique Chimique 1. 242 — 246. 
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When a gas is burnt in a gas (e.g. hydrogen in chlorine) the glass 
vessel is made with one neck, through which passes a cork, carrying 
two delivery tubes, arranged as shewn in fig. 6. The ends of these 
tubes within the glass vessel are made of thin platinum foil. 

For measuring the thermal change which accompanies the action 
of concentrated nitric acid on benzene, mannite, cellulose, &c. 
Berthelot employs a small platinum cylinder of a capacity of about 
60 c.a immersed in about 600 c.c. water, contained in a calorimeter 
with surrounding vessels <&c. such as has been already described. A 
weighed quantity of nitric acid is placed in the small platinum 
cylinder, the water is kept in motion until the temperature is 
constant, and the benzene is then added drop by drop, with constant 
.agitation both of the cylinder and the exterior water. If the body 
to be nitrated is a solid, e.g. cellulose, a weighed quantity is placed 
in the cylinder, which is closed by a cork covered with paraffin, 
and the acid and cellulose, or other body, are brought into close 
contact by stirring with a small glass rod. 

Berthelot describes a petit laboratoire of platinum, for use in 

reactions wherein gases or volatile 
liquids take part. The dimensions 
of this vessel (see fig. 7) are such that 
it may be placed in the midst of about 
600 c.c. water contained in one of 
Berthelot's ordinary calorimeters. The 
apparatus consists of three parts ; a 
cylinder A, Ay of a capacity of about 
50 c.c. ; a spiral tube B, and a 

receiver C, The spiral tube passes 
into a side tube soldered on to the 
"^^^^^ cylinder a little way beneath the 

Jm ^L'-- -■'T point where the latter is narrowed; 

this spiral also fits firmly, but so that 
it may be withdrawn when required, 
into a tube soldered iuto the side of 
the receiver. Sheet caoutchouc is 
wrapped round the points of junction 
of the spiral and the side tubes of the 
cylinder and receiver. 

Special calorimeters for measuring the thermal values of 
various chemical changes. 
When a reaction occurs without explosive violence between two 




Fig. 7. 
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gases at ordinary temperatures, e.g. NO + O = NO,, Berthelot fre- 
quently makes use of two glass bulbs, one placed inside the other. 
The smaller bulb is blown very thin in one or two places; it is 
filled with one of the gases, and is placed in- 
side the larger bulb. The outer bulb is then 
drawn out to a fine opening at one end, filled 
with the other gas, and sealed. The whole 
arrangement is fixed on a stirrer and immersed 
in water in a calorimeter; the inner bulb is 
broken by briskly agitating the larger bulb, and 
the course of the thermometer in the calorimeter 
is noted. The larger bulb is now turned so 
that its drawn-out end is downwards, a solution 
of some reagent wliich will absorb the products 
of the chemical action is added to the water 
in the calorimeter, and the end of the bulb is 
broken. The liquid is then collected and ana- 
lysed. Eig. 8 shews the bulbs ^ actual size. 

When the thermal change which is to be measured is the 
accompaniment of a chemical change occurring at a slow rate 
between a gas and a liquid, e.g. the action of ozone on arsenious 
oxide solution, or when the liquid used 
is changed by exposure to air, e.g. sodium 
hyposulphite solution, a closed calori- 
meter must be employed and special 
precautions must be taken. 

As typical cases let us glance at 
Berthelot's methods for determining the 
thermal value of the action between 
ozone and arsenious oxide solution, and 
of the action between oxygen and an 
aqueous solution of sodium hyposul- 
phite. 

The apparatus in which the first of 
these reactions is conducted is shewn in 
fig. 9. Ozonised oxygen passes into the 
flask Ay the capacity of which is 800 cc, 
and which contains 600 cc. of an aqueous 
solution of arsenious oxide, to which 
about 5 cc. of concentrated hydrochloric ^' 
acid has been added. The arrangement of entrance and exit 
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tubes, thermometer &c. is snfficientlj indicated hj the figure ; the 
fiask is shewn pktced inside one of Berthelot's ordinary calori- 
meters. The passage of ozonised oxygen is continued for 20 to 30 
minutes, the rise of temperature being continuously noted. The 
electric discharge is now stopped, but the passage of oxygen is con- 
tinued for 20 minutes longer. The contents of the flask are now 
analysed (by titration with standardised permanganate solution) ; a 
similar analysis is made of 600 cc. of the original arsenious t>xide 
solution, and so data are obtained for finding the quantity of 
arsenious oxide oxidised to arsenic oxide, and hence for finding the 
mass of ozone absorbed by the solution \ 

The absorption of oxygen by sodium hyposulphite solution is 
conducted in an apparatus closely resembling that shewn in fig. 9. 
About 650 c.a of an aqueous solution of the hyposulphite is used, 
the concentration being such that this quantity can absorb about six 
times its volume of oxygen. At the beginning of the experiment 
the flask is filled with nitrogen by displacement ; the hyposulphite 
solution is then run in from a specially constructed reservoir, the 
atmosphere in which consists of nitrogen; the entrance and exit 
tubes of the flask are closed by small caps, and the flask and its 
contents are weighed. The flask is then placed inside the silver vessel 
of a large calorimeter, and the course of the thermometer is observed 
for 10 minutes ; a tube which conveys pure dry oxygen from a gas 
holder is attached to the entrance tube of the flask ; the exit tube 
from the flask is attached to another tube passing under the surface 
of water so that the rate of the oxygen-current may be regulated, 
and oxygen is passed into the solution in the flask. The course of 
the thermometer is noted for 10 minutes or so ; the stream of oxygen 
is stopped, and the caps are placed on the entrance and exit tubes of 
the flask, which is again weighed. 

When gases are evolved during a reaction the thermal value of 
which is to be determined, and when it is necessary to collect and 
measure these gases in the calorimeter, complicated forms of ap- 
paratus must be employed. 

Fig. 10 represents the arrangement made use of by Berthelot for 
the thermal study of the action of an aqueous solution of potash on 
an aqueous solution of hydroxylamine hydrochlorate (NH^OH HCl). 

^ The ozoniser used by Berthelot is not shewn in the figure. It is a useful 
piece of apparatus; see for a description Micanique Chimique 1. 222—224. 
Cup-joiuts containing sulphuric acid are better than those described by 
Berthelot. 
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The reaction in question results in the formation of potassium 
chloride, ammonia, nitrogen, and water ; in order to determine the 
amount of chemical change accompanying a measured thermal change 




Fio. 10. 



it is necessary to collect and measure the nitrogen which is formed. 
The large test tube A contains a known quantity of an aqueous 
solution of potash of known strength ; the smaller tube B contains 
about 1 gram of a concentrated aqueous solution of hydroxy lamine 
hydrochlorate. The small tube is held in the position shewn by 
a spiral of thick platinum wire, which is attached by a very thin 
short piece of platinum wire (^^^th millim. thick) to the ends of two 
copper wires covered by caoutchouc so as to form an electric cable 
which passes out of the calorimeter to a battery. The tubes A and 
B are arranged inside a glass bell-jar capable of containing 200 to 
250 C.C. water, and this is itself placed in a large calorimeter containing 
about 1000 c.c. water. The bell-jar fits into an exterior covering 
of copper to which a handle is attached ; by this means the bell-jar 
with the tubes can be firmly fixed in the water of the calorimeter. 
The tube A is closed by a cork, through which pass the electric wires, 
and also an exit tube for the gas produced during the reaction. 
Evei-y part of the apparatus is weighed separately before the 
experiment begins ; the specific heat of each part is of course 
determined. The bell-jar with its contents having been lowered 
into the calorimeter and secured, the air in the jar is removed by 
means of an inverted syphon ; the course of the thermometer in the 
calorimeter is observed for 10 minutes; an electric current is passed for 
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an instant, whereby the small thin platinum wire is melted, the tube 
containing the hydroxylamine salt drops into the larger tube 
containing potash, and the chemical reaction proceeds. When no 
more gas has been eTolyed for some time, the calorimeter and its 
contents are placed in a large vessel full of water ; the calorimeter is 
removed; and the gas in the bell-jar is transferred to a measuring 
vessel, where its volume is determined. 

The volume of air in the tubes A and B is known from pre- 
liminary experiments ; hence the volume of nitrogen produced in the 
reaction is found, and hence the amount of chemical change which 
has accompanied the observed thermal change is calculated. 

It is sometimes necessary to add a definite quantity of heat to 
the chemical system under consideration in order to bring about the 
change the thermal value of which is to be determined. 

Take for instance Berthelot's determination of the thermal value 
of the reaction 

NH,N0, = N, + 2H, O, 
occurring at about 80*. 

The apparatus consists essentially of two parts : one designed 
for the purpose of adding an accurately measured quantity of heat to 




Fig. 11. 
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a known quantity of ammonium nitrite; another designed for the 
purpose of measuring the quantity of heat evolved (or absorbed) 
during the decomposition of this quantity of ammonium nitrite. 
The source of heat is 25 grams of water at a definite temperature. 

This mass of water is placed in the inner tube A of the apparatus 
shewn in fig. 11. This tube is suirounded by a considerably larger 
vessel, BB, containing about 800 cc. water, which is heated by 
passing steam into it by the tube a. When the temperature of the 
25 grams of water in the tube ^ is a very little higher than the 
desired temperature, a few bubbles of air are passed into the water 
by pressing the caoutchouc ball c ; the thermometer is again read ; a 
mark is made by a sharp file close to the lower end of A ; and the 
whole apparatus is transferred to the vessel containing the ammonium 
nitrite to be decomposed. This apparatus is represented in fig. 12. 
It consists of three large tubes of thin glass, AA, oa, and BB, placed 
inside a calorimeter containing about 800 cc. water. The tube cm 




Fig. 12. 

is a very little wider than A A ; the space between them is partly 
occupied by a concentrated aqueous solution (about 3 — 4 cc.) of 
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ammonium nitrite, the upper level of this liquid being a little lower 
than the level of the warm water in the inner tube A A, 

A hole (Z) is made in the cork which closes A A ; the lower end 
of the tube containing the 25 grams of warm water is inserted 
through this hole ; the point of the tube is broken off by pressing 
against the side of the tube A A ; the water rushes into AA , and the 
chemical reaction begins. The gaseous products of decomposition, 
pass through the spiral tube bb, and, after being cooled, are collected 




Fia. 13. 



in a graduated tube. The space between the tubes aa and BB is filled 
with air; this prevents the cold water in the calorimeter from 
lowering the temperature of the ammonium nitrite solution and so 
stopping the decomposition. The quantity of ammonium nitrite 
remaining when the action has ceased is determined. Two experi- 
ments must be made, one to find the rise of temperature in the 
water of the calorimeter produced by running in the 25 grams of 
wann water, and the other to determine the total rise of temperature 
which occurs when the water is run in, and the chemical action is 
thereby accomplished. 
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Sometimes it is desired to determine the thermal value of an 
operation which occurs at a temperature higher than that of the 
surrounding air, and which must be conducted in a chamber 
surrounded by a medium hotter than the exterior air. For instance, 
let it be required to measure the quantity of heat evolved or absorbed 
when common salt dissolves in water at 86^ Berthelot conducts the 
operation in a glass vessel placed inside another similarly shaped 
larger vessel; the space between the vessels is filled with air, and the 
outer vessel is immersed in hot water : see fig. 13. A weighed quantity 
of finely powdered salt is placed in A; when the temperature of A and 
that of the water in which the whole apparatus is immersed are both 
at 86^, and have remained constant for some time, the glass plug 
a is lifted, the stirrer is set in motion, and the course of the 
thermometer, as also that of a thermometer in the water outside J?, 
is noted \ 

50. In many of the methods described in the preceding 
paragraph the heat which is produced in a specified chemical 
operation is used in raising the temperature of the chemically 
reacting liquids. In other cases most, or all, of the heat is 
used in raising the temperature of a quantity of water. Before 
the thermal values of the former clas» of reactions can be found 
it will evidently be necessary to make very careful measure- 
ments of the specific heats of the liquids employed, and of those 
produced in the reactions. 

The specific he€^ of a body under any specified con- 
ditions, is the number of gram-units of heat required under 
these conditions to raise the temperature of 1 gram of that 
substance through V C, the gram-unit of heat being defined as 
the quantity of heat required to raise the temperature of 1 
gram of water from 0® to V C. 

Consider such a case as the mutual action of caustic soda 
and sulphuric acid in aqueous solution. Determinations must 
be made of the specific heats of aqueous solutions of various 
concentrations of (1) caustic soda, (2) sulphuric acid, (3) sodium 
» sulphate, (4) sodium-hydrogen sulphate; these determinations 

must be made for a moderate range of temperature. Such 

1 For descriptions of other special forms of calorimetric apparatus, and for 
more detailB regarding those sketched in this paragraph, see Berthelot loc. cit. 
1. 217—274: also Id. La Force des MatUres Explosives, 1. 227—231. 
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determinations have been conducted by various observers; 
more recently and accurately by Thomson. The method adopted 
by Thomson is to raise the temperature of each specified liquid 
by using a source of heat which has been thoroughly in- 
vestigated, and is thoroughly under control. A definite volume 
of pure hydrogen is burnt in oxygen in a chamber made of 
thin sheet copper, thickly gilded, placed in a calorimeter capable 
of containing 1000 c.c. of water. About 900 cic. of the saline 
solution to be examined is placed in this calorimeter, and the 
rise of temperature is noted from time to time. As the quantity 
of heat produced by the burning of the hydrogen is known, the 
specific heat of the given solution can be calculated. Very 
great precautions are taken by Thomsen to have the hydrogen 
and oxygen pure, and to make sure that the flow of each gas 
proceeds at a uniform rate during the experiment*. From a 
series of such determinations the value of the specific heat of 
each liquid is deduced for certain specified temperatures^ 

When the rise of temperature in the known mass of water, \ 
or in the known mass of saline or other solution in the calori- 
meter has been determined, the initial temperature of the 
water or other liquid being known, the thermal value of the 
given reaction is found by applying the ordinary formula 

where m = mass of liquid with specific heat T = final, and 
t = initial temperature. 

This formula must be amplified according to the circum- 
stances of the special experiments. The water-equivalent of the 
calorimeter (including the glass or other apparatus and the 
thermometer immersed in it) must be determined, Le. the 
number of units of mass of water the temperature of which 
would be changed by the heat evolved in the reaction to the 
same extent as the given mass of calorimeter &c., must be 
determined. 

Let us suppose the heat of neutralisation of sulphuric acid 
by caustic soda is to be determined. Let dilute solutions of these 

1 For a full description of Thomsen*s methods of procedure see his Unter- 
suchungen 1. 25 — 36. 

2 For details of the calculation see Thomsen, loc. cit. 1. 35. | 

I 
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two compounds be prepared containing equivalent ({uantities, 
in grams, of the alkali and the acid in known quantities of 
water; the total mass of each solution is therefore known. The 
temperature of each liquid having been determined, let the 
liquids be mixed and the rise of temperature noted. Let the 
water-equivalent of the calorimeter and thermometer be deter- 
mined, aud also let the specific heat of the liquid produced by mix- 
ing the two compounds (i.e. the specific heat of aqueous sodium 
sulphate solution of a certain degree of concentration) be known. 
Then, putting the initial temperature of the soda solution 
whose mass is m, as equal to t, the initial temperature of the acid 
solution whose mass is m^, as equal to t^, we may say that the mean 

initial temperature of the two liquids is — (as t aud are 

almost identical). Further, let the final temperature of the 
mixed liquids = t^; let the mean specific heat of this liquid for 

the temperature-interval — — ^ be equal to s ; and let the 

water-equivalent of the calorimeter &c. = c. The formula for 
finding the thermal value of the reaction is then 

r = (m + m.).x(«.-i±A)+o(«.-^.).' 



Section II. Methods of stating the results of thermochemical 

measurements. 

51. The notation adopted in thermal chemistry is simple. 
The chemical formulae of the reacting substances are enclosed in 
a square bracket; a comma, or sometimes a colon, placed between 
two formulae means that the quantities of the substances repre- 
sented by these formulae react chemically on each other. The 
sign of equality is used to express the fact that the chemical 
change represented is accompanied by the production or absorp- 
tion of a certain number of units of heat. The sign + is placed 
after the number expressing the quantity of heat if this quantity 
of heat is evolved, the sign — is placedin a similar position if 
this quantity of heat is absorbed, duiing the chemical change. 

* For Thomsen's development of this fo/uula see loc, cit 1. 20—21. See 
also Berthelot loc, cit, 1. 187 — 214. See ala6 post pars. 65, 56, 57. 
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If no sign is placed after the number expressing the quantities 
of heat, the + sign is to be understood. The indices attached 
to the elementary symbols in chemical formulae may be written 
either above or below these symbols. Thomsen always writes 
them above, when he is dealing with thermochemical changes. 
His example is foUowed in this book. Thus [H», O] = 68,360 -f, 
means that when 2 grams of hydrogen combine with 16 grams 
of oxygen, at the ordinary pressure and under such conditions 
that the temperature of the surroundings does not vary from 
18® — 20^ with formation of 18 grams of water at the same 
temperature, a quantity of heat is evolved which suffices to 
raise the temperature of 68,360 grams of water at 18® — 20® C, 
through one degree centigrade. 

Again [NH", HCl] = 41,900 + means, that when 17 grams of 
ammonia gas combine with 36*5 grams of hydrochloric acid 
gas, at the temperature of 18 — 20® and the ordinary pressure, 
with formation of 53*5 grams of ammonium chloride, a quantity 
of heat is evolved which if transferred to 41,900 grams of water 
at 18® — 20® would raise the temperature of that water through 
one degree centigrade. 

The symbol Aq is employed to represent a large quantity of 
water : the symbol H*0 represents 18 grams of water. 

Thus [HCl, Aq] = 17,320 + means, that 17,320 gram-units 
of heat are produced when 36'5 grams of gaseous hydro- 
chloric acid are absorbed and dissolved, at the temperature of 
18® — 20® and the ordinary pressure, by a quantity of water so 
large that an increase in this quantity would not alBFect the 
thermal value of the reaction. Again [H, CI, Aq] = 39,300 + 
means, that 39,300 gram-units of heat are evolved when ] gram 
of hydrogen combines with 35*5 grams of chlorine and the pro- 
duct dissolves in a large excess of water. 

Again compare these equations, 
(1) [SO*, O, H'O] = 53,480 + : (2) [SO*, O, Aq] ^ 71,330 + . 

The first represents the number of gram-units of heat evolved 
when 64 grams of sulphur dioxide, 16 grams of oxygen, and 18 
grams of water combine to form 98 grams of liquid sulphuric 
acid at 18® — 20®; the second represents the number of gram- 
units of heat evolved when 64 grams of sulphur dioxide, 16" 
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grams of oxygen, and 18 grams of water combine to form 98 
grams of sulphuric acid, and the product at the same time 
dissolves in a large excess of water. 

When a compound is separated into its constituent parts the 
equation representing the change is preceded by the minus sign. 
Thus - [H, CI] = - 22,000 means, that 36-5 grams of hydrochloric 
acid gas are decomposed, by some means, into 1 gram of hydro- 
gen and 35*5 grams of chlorine, and that this chemical change 
is accompanied by absorption of 22,000 gram-units of heat. 
Such a separation into parts is usually, but not always, accom- 
panied by absorption of heat. 

52. A chemical reaction between a compound and an element, 
or between two compounds, may be always regarded from the 
thermal point of view as consisting of two stages; (1) separation 
of the original compound, or compounds, into parts, (2) re-combi- 
nation of these parts to produce the new compounds. 

Thus, the change represented by the equation 

NH3 + HC1 = NH,C1, 

.if analysed from the thermal standpoint will be represented 
thus 

[NH», HCl] =-[N, H»J - [H, CI] + [N, ff, H, CI]. 
That is, the total thermal change consists in (1) the separation of 
1-7 grams of ammonia into 14 grams of nitrogen + 3 of hydrogen; 
(2) the separation of 36'5 grams of hydrochloric acid into 35*5 
of chlorine -f 1 of hydrogen ; and (3) the combination of these 
several quantities of nitrogen, hydrogen, and chlorine to produce 
53'5 grams of ammonium chloride. 

The reaction of iron on a dilute aqueous solution of copper 
sulphate is represented thus 

CuSO, Aq + Fe = FeSO, Aq + Cu. 
Thermally considered, this change would be written 

[CuSO* Aq, Fe] = - [Cu, SO* Aq] + [Fe, SO^ Aq]. 

The formation of lead sulphide by the action of sulphuretted 
hydrogen on lead oxide when set down in the ordinary chemical 
notation stands thus 

PbO + H,S = PbS + HA 
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When this equation is expanded from the thermal point of 
view, it appears in this form 

[PbO, H'S] = - [Pb, O] - [ff, S] + [Pb, S] -f [H», O]. 

53. Generally then, let r = the number of gram-units of 
heat evolved or absorbed during a definite chemical chang^e ; 
then we have these five cases ^: — 

(1) A definite amount of a compound, X„ Yj Z^, is pro- 
duced by the combination of a grams of X, b grams of Y, and o 
grams of Z ; then 

r = [X^Y^Z^. 

(2) The same quantity of the same compound is produced 
in presence of a large excess of water in which it is dissolved ; 
then 

r=[XM».Z«,Aq]. 

(3) The same quantity of the same compound is dissolved 
in a large excess of water ; then 

r = [X«Y*Z% Aq]. 

(4) The compound XY is decomposed by the element Z, 
with production of the new compound XZ and the element Y ; 
then 

r = [XY,Z] = [X,Z]-[X,Y]. 

(5) The compound XY is decomposed by the compound 
VZ with production of the two new compounds XZ and VY ; 
then 

r.= [XY, VZ] = [X, Z] + [V, Y] - [X, Y] - [V, Z]. 

54. The quantity of heat evolved or absorbed during a 
definite chemical reaction will vary with variations in the 
temperature at which the reaction occurs, in the state of 
aggregation of the constituents of the changing system, and in 
the volume occupied by these constituents, and with variations 
in the pressure to which the system is subjected during the 
change. 

Thomsen and Berthelot have independently investigated 
the influence of temperature-changes on the quantity of heat 
evolved or absorbed during a definite chemical reaction. 

55. Such a statement as [HCl Aq, NaOH Aq] = 13,500 +, 
only holds good when the temperature both of the initial and 

^ Thomsen, Thermochem. Untersuch, 1. 6 et 8eq. 
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the final system is 18— 20'G If it is desired to find the 
value of the same reaction at some other temperature, it will 
he necessary to determine the specific heats of the reacting 
substances, and the specific heat of the product of the reaction ; 
since the specific heat of any substance varies as temperature 
varies. The variation in the case of water is very small ; thus 
according to Regnault's investigations* the specific heat of 
water at any temperature, t, may be found by the formula 

spec, heat = 1 + 000,04 1 + -000,000,9 f. 

Many determinations have been made of the specific heats of 
aqueous solutions of acids, alkalis, and salts, and of various 
liquid compounds'. 

If two liquids, the masses of which are represented by A and 
B, chemically react to produce the liquid AB, and if the specific 
heat of A = a, of B =^fi, and of the product -45 = 7, 
ccUorimetric equivalents of the three liquids are 

A.a^q^B,fi = q^, AB,y=^q^ 

If the chemical reaction proceeds at two temperatures, T 
and t, which are not far apart from each other, we may 
conclude^ without introducing a sensible error, that the values 
of a, /8, and y, and therefore the values of qa, qt, aiid y^, are 
independent of the temperature. 

Then, putting the heat evolved during the reaction when it 
proceeds at the higher temperature T as JBy, and the heat 
evolved during the same reaction when it proceeds at the lower 
temperature t as J?^, it can be shewn from the second law of 
thermodynamics that 

Br-Rt^iT-^t) (qa+q.-qcY; 
and hence the variation in the value of B for each degree of 
temperature, (j>, can be found by the equation 
- Bjt — Bt 

Then, if the value of R at 0' is B^y the value of at a 

^ M4m, de VAcad. 21. 729 et seq. For more details see Naumann's TJiermo- 
chmie, 269 — 272; or Landolt and Bornstein's Physikalisch-Cheniische TabelleHf 
176. 

* For details and data see Naumann loc, cit, 269 — 309. 

• See Thomsen loc, cit, 1. 65— 66. 

M. T. C. 4 
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temperature t not far removed from 0® (i.e. the value of B^) can 
be found when is known ; for 

These formulaB are applicable only when the diflference jT— ^ is 
small, and when it may be assumed that the variations in the 
values of the specific heats of the various liquids are indepen- 
dent of the temperature. A general formula could be applied 
only when the relation between the specific heat and the 
temperature of each solution, and also the relation between the 
variation in the value of the calorimetric equivalent and the 
composition of each solution, were completely known ^. 

56. If the chemical change, the thermal value of which is 
to be determined, is accompanied by a change of the state of 
aggregation of some of the constituents of the system, then not 
only must the specific heats of the various constituents at 
different temperatures be known, but measurements must also 
be made of the quantities of heat absorbed or evolved in the 
changes from solid to liquid, and liquid to gas, or vice versa, 
which occur. 

57. The following example illustrates the nature of the 
determinations and calculations required ^ 

If 4 grams of hydrogen at 18^—20® combine with 32 grams 
of oxygen at the same temperature, to produce 36 grams of 
liquid water at 18* — 20^ there are evolved 136,720 gram-units 
of heat. How much heat will be evolved if the same masses of 
hydrogen and oxygen combine at the temperature of 200^ and 
the product of the combination is maintained at this tem- 
perature, the pressure being constant ? 

Let ^7= the quantity of heat, measured in gram-units, which 
is required to raise the temperature of the initial system 
(2H, + 0, grams) from 18' to 200°; and let 7 = the quantity of 
heat which is required to raise the temperature of the final 
system (211^0 grams) through the same temperature-interval. 
Further let ^200 = the quantity of heat evolved when the 

1 Such a formula can be obtained; see Thomsen Zoc. cit. 1. 66. For a 
discussion of the connections between the specific heats, the composition, and 
the volumes, of saline solutions see Id. loc. cit. 1. 60 — 78. 

2 See Naumann, Zoc. cit. 212—213. 
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chemical reaction proceeds at 200^ and « the quantity of 
heat evolved when the reaction proceeds at 18*. 

Then (?«K) = Qi8+ U'-V- 

To find U we have the following data. 

Specific heat of hydrogen = 3 409 | , ^ ^^^^^^^ ^^^^^^ 
M » oxygen =0-2175 J ^ 
(as 200-18 = 182), 4 x 182 x 3*409= quantity of heat required to raise 

the temperature of the hydrogen 
in the initial system through the 
given temperature-ioterva], 
= 2,481 gram-units; 
and 32 X 182 X •217o=quantity of heat required to raise 
the temperature of the oxygen in 
the initial system through the 
given temperature -interval, 

= 1,266 gram-imits ; 
?7= 3,747 gi'am-nnits of heat. 

To find V we have the data. 

Specific heat of water = 1 ; heat of vaporisation of water = 536*5. 
Specific heat of water gas =-4805 (at constant pressure, for 
temperature-interval 128 - 217**). 

.*. (as 100-18 = 82), 36 x82x 1 = quantity of heat required to raise the 

temperature of the water produced in 
the reaction from 18° to 100°; 
= 2,952 gi*am-units ; 
and 36 x 5 36 5 = quantity of heat required to convert 
the water at 100° into steam at 100°; 
= 19,314 gram-units ; 
and 36 X 100 X -4805 = quantity of heat required to raise the 
temperature of the steam from 100° 
to 200°; 
= 1,730 gram-units ; 
.*. r= 23,996 gram-units of heat. 

Hence Q,^ = 136,720 + 3,747 - 23,996 « 116,471 gram-units 
of heat. 

When a salt is dissolved in water, or when aqueous solutions 

4—2 
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of two salts are mixed, very considerable coDtractioD frequently 
occurs. This is attended with production of heat ; hence the 
thermal values of many chemical changes occurring between 
bodies in solution vary with variations in the volumes of the 
reacting solutions\ Contraction of volume also generally occurs 
when gaseous elements or compounds combine to form gaseous 
products ; in such cases heat is produced, and the quantity of 
thia heat must be ascertained and taken into account in 
calculating the thermal value of the chemical reaction*. 

Section III. Heats of combiLstion, and of formation, of 
compounds. 

58. The heat of combustion of an element or compound is 
the quantity of heat produced during the complete oxidation of 
that element or compound to form those masses of the products 
of oxidation which are represented by the chemical formulae of 
these products'. 

The heat of formation of a compound is the quantity of heat 
evolved, or absorbed, during, the formation of the mass of the 
compound represented by its formula, from those masses of the 
constituents of the compound which are represented by the 
formulae of these constituents. 

When a compound can be oxidised, then the heat of 
formation of that compound is the diflference between the sum 
of the heats of combustion of its constituents and the heat of 
combustion of the compound itself. The constituents may be 
the elements by the putting together of which the compound is 
produced, or they may be groups of elements which combine to 
form the compound in question. Thus 98 grams of sulphuric 
acid may be formed by burning 32 grams of sulphur in oxygen 
in. the presence of nitrogen trioxide and of 18 grams of water, or 
the same mass of the same acid may be formed by passing 
64 grams of sulphur dioxide, mixed with an excess of oxygen, 

^ This subject will be considered in more detail .in a future chapter. See 
po«f, par. 198. 

■ a SefrThomsen, loc. cii. 2. 101— 102. 

* In accordance with this definition, the heat of combwtion of hydrogen is 
the quantity of heat produced in the reaction + =HsO, and not the quantity 
produced by burning 1 gram of hydrogen. 
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over tot spongy platinum, and dissolving the 80 grams of 
sulphur trioxide thus produced in 18 grams of water. The 
former reaction would be represented in chemical symbols thus, 

S -h Og + O (supplied by nitrogen oxide) -f H,0 « H,SO^ ; 
the latter thus, 

SO, + + Hp = H,SO,. 

In the notation of thermal chemistry the two reactions 
would be written thus, 

(1) [S,0».0,H'0]; (2) [S0'.0,H'O]. 

The heat of formation of sulphuric acid would be represented 
by a dififerent number according as the formation was accom- 
plished from the elements sulphur and oxygen and the compound 
water, or from the element oxygen and the compounds sulphur 
dioxide and water. If however the formation of the acid is 
accomplished from the elements hydrogen, oxygen, and sulphur, 
the value of the ' heat of formation ' is the same whether these 
I elements directly combine to produce the acid, or whether oxides 
of sulphur and of hydrogen are first produced and then mutually 
react to form the acid. 

59. The deduction from the principle of the conservation 
of energy, of which the statement just made regarding the heat 
of formation of sulphuric acid is a special example, underlies alT 
the calculations of thermal chemistry. The deduction in 
question is to the effect that the change of energy which 
accompanies the passage of a system from one definite state 
to another is independent of the intermediate states through 
which the system may pass. (See ante, par. 16.) 

CO. We shall now give some illustrations of the methods 
by which the heats of formation of compounds are determined. 

It must be remembered that by the heat of formation of a 
compound is meant the heat of formation of that mass of the 
compound which is expressed by the chemical formula of the 
compound. Except in a few cases, which will be specially 
mentioned, we shall use the formula of an element or compound 
as representing a certain number of grams of the body. 

I. Required the heat of formation of methane, CH^, from 
carbon and hydrogen. 
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Data; 

(1) heat of combustion of carbon [C, 0»] = 96,960,) _ ^ ^ 
(heatofcombiistionofhydrogen)x2Le.2[H',O]=136,720,/" ' 

(2) heat of combustion of methane [CH*, O*] =211,930. 

Difference = 21,750. 

Therefore the heat of formation of CH^=21,750 gram-units + . 

In obtaining data (1) and (2) the final configuration of the 
chemical system is the same. Thus the reactions represented 
as [C, O*] and 2 [H*, O] when written in the ordinary notation 
are 

C + O, = CO,; 2H, + O, = 2H,0. 

And the reaction [CH*, O*] in the ordinary notation is 
CH, + 0,= C0, + 2H,0. 

In one case we start with the system C + + O^, and we 
finish with the system CO, + 2Hj0 ; in the other case we start 
with the system CH^ + O^, which we may suppose to have been 
produced from the system C + + and we finish with the 
system C0^ + 2B.fi. Therefore the difiference between the 
energy-changes accompanying the two chemical changes repre- 
sents the energy-change attending the formation of the system 
CH^ + from the system C + -h O^; but as O^ occurs in 
both systems, we say that the energy-change in question is that 
which accompanies the formation of the system CH^ from the 
system C + H^. 

At present we shall not say that the change C + = CH^ 
represents the formation of one molecule of gaseous methane 
from one atom of carbon and two molecules of hydrogen, but 
only that it represents the formation of 16 grams of gaseous 
methane from 12 grams of solid carbon and 4 grams of gaseous 
hydrogen. We shall also treat the thermal value of this 
change, viz. 21,750 gram-units, as representing the complete 
change, and shall not attempt, at present, to separate it into 
parts, e.g. the part due to change of solid to gaseous carbon, 
the part due to rise of temperature or change of volume &c. 
Our present object is only to illustrate the methods which are 
employed in finding heats of formation, and to give this 
expression a meaning, which, although it may not be sufficiently 
wide, is certainly definite. ^ ; 
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II. Required the heat of formation of formic acid, CB. fi^, 
from carbon, hydrogen, and oxygen. 

Data: 

(1) Heat of combustion of carbon, [C, O*] = 96,960,] sum 

hydrogen, [H*, O] = 68,360, - = 165,320. 
„ „ oxygen, « 0,. 

(2) „ „ formic acid, [CH'O*, O] = 65,900. 

Diffei-ence- 99,420. 

Therefore the heat of formation of CH^O^ = 99,420 gram- 
units. 

III. Required the heat of formation of the oxides, N^O and 
NO, from their elements. 

As the element nitrogen cannot be directly burnt in oxygen 
it is necessary to adopt an indirect method for finding the heats 
of formation required. Comparing the two reactions, 

(1) C + 2Np = 2N, + CO„ 
and (2) C + 2N, + 0, = CO, + 2N„ 

we see that the final systems attained are the same in each case, 
but in reaction (1) the oxygen needed for burning the carbon 
has to be separated from its combination with nitrogen, while 
in reaction (2) no such separation of oxygen from a compound 
is needed. If the two reactions are expanded thermally' they 
appear thus, 

(1) [0, 2N»0] = [C, 0']-2[N', O]; (2) [C, 2N*, 0'] = [C, 0»]. 

Hence the difference |)etween the observed values of these 
two reactions will represent the value of the reaction — 2[N', O]. 

The data are : 

(1) [C, 2N»0] = [C, - 3[N», O] = 133,900, 

(2) [C, 2N«, 0^ = [C, = 96,960. 

Difference = 36,940. 
But this difference represents the thermal value of the 
separation of 2N3O into its elements, therefore the formation of 
2NjO from its elements is represented by the negative value 
— 36,940 ; and therefore we conclude that the heat of formation 
of NjO from its elements 5= - 18,470 gram-units. The heat of 
formation of the oxide NO is determined in a similar manner. 

^ See ante J par. 51. 
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The data are : 

CN + 2N0 = CO, + 3N, when expanded thermally becomes 
[CN, 2N0] = [C, O'] - [C, N] - 2[N, O] = 174,600. 
CN + = COj + N, when expanded thermally becomes 
[CN, O'] = [C, - [C,N] = 130,900. 

Dijfference= 43,700. 
But the difference represents the thermal value of the 
transaction 2N0 =• N, + 0„ therefore [N», = - 43,700 ; and 
therefore the heat of formation of NO from its elements 
= — 21,850 gram-units. 

IV. Required the heat of formation of oxalic acid, O^, 
from its elements. An aqueous solution of oxalic acid is easily - 
oxidised, to water and carbon dioxide, by the action of an 
aqueous solution of hypochlorous acid. The reaction is formu- 
lated thus 

H,C,0,Aq + HCIO Aq = H,0 Aq + 2 CO, + HCl Aq. 
When expanded thermally this becomes 

[H'C^O* Aq, HCIO Aq] = [H,C1, Aq] - [H,C1,0, Aq] + [H*C"0* Aq, O]. 
The thermal value of this reaction is 71,380 gram-units. 
But the value of the difference 

[H, CI, Aq] - [H, CI, O, Aq] is 9,380 gram-units ; 
.-. [ffC^O* Aq, O] = 71,380 - 9,380 = 62,000. 
That is to say, the heat of combustion of oxalic acid in 
aqueous solution = 62,000 gram-units. 
But 

2[C, O*] = 193,920, and [H*, O] = 68,360 ; sum = 262,280 ; 
[H^ C^ O*, Aq] = 262,280 - 62,000 = 200,280 gram-units. 
But this last result represents the heat of formation of oxalic 
acid in aqueous solution. To find the heat of formation of the 
solid acid Hfifi^, the heat-change which occurs when this 
amount of the acid is dissolved in a large excess of water must 
be determined. The value in question is 

[H*C^OS Aq] = - 2,256; 
.-. [H', C«, O*] = 200,280 - ( - 2,256) = 202,536 gram-units. 

V. Required the heat of formation of sulphuric acid, H,SO^, 
from its elements. 
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We have here a compouDd which is already fally oxidised ; 
therefore the heat of comhustion of sulphuric acid = 0. But an 
aqueous solution of sulphur dioxide can he oxidised to sul- 
phuric acid. Let us therefore find the heat of formation of an 
aqueous solution of SO,. 
The data are : 

[S, O'] = 71,080 ; [SO*, Aq] = 7,699 ; 
[S, 0», Aq] = 78,780. 

But this aqueous solution of SO, can he easily oxidised to 
an aqueous solution of SO3 hy the action of chlorine; the 
reaction is 

SO,Aq + H,0 + CI, = S03Aq + 2HCL 
When thermally expanded this reaction hecomes 

[SO'Aq, H'O, CI*] = [SO'Aq, O] + 2 [H, CI, Aq] - [H«, O]. 
The thermal value of this change is 73,907. 
But 

2 [H, CI, Aq] = 78,630, and [H*, O] = 68,360 ; difference = 10,270. 
[SO'Aq, O] = 73,907 - 10,270 = 63,637. 
We have now obtained the thermal values of these two 
reactions : — 

(1) S + 0, + Aq = SO, Aq, and (2) SO, Aq + O = SO. Aq. 

But it is evident that the sum of these represents the thermal 
value of the reaction S + Og + Aq = SO.Aq. 

That is, in thermal notation, 

[S, O', Aq] + [SO'Aq, O] = [S, 0», Aq]. 

The value of this reaction is 78,780 -f 63,637 = 142,417. 

But this number represents the quantity of heat evolved 
in the production of a very dilute aqueous solution of sulphuric 
acid. We must now find how much heat is produced by the 
formation of (1) SOg, from its elements ; and (2) H^SO^, by the 
action of H^O on SOg. 

The data are : 

(1) [S0^ Aq] = 39,170: (this is Thomsen's number for liquid 
SO3). 

Then, as [S, O', Aq] - [S0^ Aq] = [S, O"], it follows from the 
values already given that 

[S, O'] = 103,247 (the SO3 produced being liquid). 
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(2) When SO^ dissolves in water a solution of H^SO^ is obtained ; 
therefore the reaction S03 + Aq = H^ SO^ Aq, is more properly 
written SO, + H^O + Aq = Hj,SO^ Aq. But we have already obtained 
the thermal value of this reaction, viz. 39,170 [see (1)]. Moreover 
the thermal value of the action which occurs when H^SO^ dissolves 
in water has been determined to be 17,850. 

We have now these data : 

[S0», H'O, Aq] = 39,170; [HW, Aq] = 17,850; 

[S0», H»0] = 39,170 - 17,850 = 21,320. 
Finally, to find the thermal value of the reaction 
H,+ S + 0, = H,SO„ 
it is only necessary to add together the values we have deduced 
for the various parts of this reaction. 
These are 

[S, 0"]= 103,247 ; [R% 0] = 68,360; [S0^ H*0] = 21,320; 
[H«, S, 0*] = 192,927 gram-units. 

VL Eequired the heat of formation of hydrobromic acid, 
HBr, from its elements (gaseous hydrogen and liquid bromine). 

The heat developed in the reaction H + Br = HBr cannot 
be determined by direct measurement, but it may be calculated 
in the following manner. 

An aqueous solution of potassium bromide is partly decom- 
posed by gaseous chlorine ; the heat evolved is measured ; and 
the quantities of potassium chloride, potassium bromide, and 
bromine present in solution at the close of the reaction are 
determined. Data are thus obtained for finding the thermal 
value of the reaction* KBr Aq -f CI = KCl Aq + Br. 

Thomsen^s result was [KBr Aq, CI] = 11,478. 

But this reaction is composed of two parts: it may be written 
thus, 

[KBr Aq, CI] = [K, CI, Aq] - [K, BrAq]. 

The bromine reacts as a solution of bromine in water 
throughout the changes to be considered. 

Now let us analyse the two reactions expressed in the 
thermal formulae [K, CI, Aq] and [K, Br Aq]. 

An aqueous solution of potassium chloride is produced by 

^ For detiEiils see Thomsen, toe. cit. 2. 21. 
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neutralising an aqueous solution of hydrochloric acid by an 
aqaeotts solution of caustic potash ; thus, 

KOHAq + Ha Aq = KClAq + H.OAq. 
When this reaction is regarded from the thermal point of 
view it may be thus expressed, 
[KOHAq, HClAq] = [K, CI, Aq] + [H', O, Aq] - [K, O, H, Aq] 

-[H, a,Aq]; 

.-. [K, CI, Aq] = [KOH Aq, HCl Aq] + [K, O, H, Aq] + [H, 01, Aq] 

-[H»,0,Aq]. 

Similarly the production of an aqueous solution of potassium 
bromide may be thus expressed, 

[KOH Aq, HBr Aq] = [K, Br Aq] + [H', O, Aq] - [K, O, H, Aq] 

-[H, BrAq]; 

.-. [K, Br Aq] = [KOH Aq, HBr Aq] + [K, O, H, Aq] + [H, Br Aq] 

-[H',0,Aq]. 

From this it follows that 

[K, CI, Aq] - [K, Br Aq] = [KOH Aq, HClAq] - [KOH Aq, HBr Aq] 

+ [H, CI, Aq]-[H, Br Aq]. 

The thermal value of this change, as we have seen, is 11,478 
gram-units. But Thomsen has also determined the values of 
three out of the four parts of which the total change consists ; 
his results are represented thus, 

[H, CI, Aq] = 39,315; [KOH Aq, HCl Aq]= 13,740; [KOH Aq, 

HBr Aq] = 13,740. 

Therefore it follows that 

[H, Br Aq]= 39,315+13,740-13,740-11,478, 
= 27,837 gram-units. 

Moreover the heat of solution of bromine in water has been 
determined : — 

[Br, Aq] = 539. 

But 

[H, Br, Aq] = [Br, Aq] + [H, Br Aq], 
= 639 + 27,837, 
= 28,376. 

It only remains now to find the heat of solution in water of 
hydrobromic acid : — 

[HBr, Aq] = 19,936. 
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But [H, Br] = [H, Br, Aq] - [HBr, Aq], 
= 28,376 - 19,936, 
= 8,440. 

That is, the heat of formation of gaseous HBr from its 
elements = 8,440 gram-units. 

61. The examples given in the preceding paragraph suffice 
to illustrate the methods whereby the thermal value of a definite 
chemical change is calculated when the value cannot itself be 
directly determined. The underlying principle is always one, 
viz. the total change of energy accompanying the change of a 
chemical system from one definite state to another is indepen- 
dent of the intermediate states through which the system may 
pass. Assuming that the total energy-change is represented 
by the quantity of heat evolved or absorbed, it follows that the 
total thermal change during a chemical operation is dependent 
only on the initial and final states of the chemical system. 

In applying this principle we have sometimes started with a 
system in a certain configuration (call this A); we have measured 
the thermal change accompanying the passage to another 
configuration (call this C) ; we have then started with the same 
elementary constituents but differently arranged (call this con- 
figuration B), and measured the thermal change accompanying 
the passage to the same final configuration (C) as before. We 
have then concluded that the difference between these two 
thermal changes represents the thermal value of the change of 
the system from configuration A to configuration B. 

In other cases we have had to deal with a chemical reaction 
which could be resolved into parts, the thermal values of some 
of which, but not of all, could be directly determined. In such 
cases we have measured the thermal value of the total change, 
and by deducting from this the thermal value of a particular 
part, or the sum of the values of particular parts, determined by 
separate experiments, we have been able to find the thermal 
value of that part of the total change which could not be found 
by direct experiment. 

In separating a chemical operation into parts each of which 
is to be examined thermally, it is important that these partial 
changes should be as simple as possible. It is also important 
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that they should not involve any marked physical changes, 
otherwise the thermal value of a partial change may itself be the 
sum of so many reactions that no trustworthy conclusions can 
be drawn regarding the quantity of heat produced or absorbed 
during the primary chemical reaction which we wish to study. 

For data regarding heats of combustion and formation of com- 
pounds see Appendix i. 
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APPLICATIONS OF THERMAL METHODS TO THE STUDY OF 
CHEMICAL PHENOMENA. 

Section I. Alhtropy and Isomerism, 

62. If chemical composition is one of the variables on which 
the state of a specified material system depends, and if the 
energy of the given system is conditioned by the state of that 
system (see ante^ Chap. I. par. 16), then there must be definite 
quantitative connections between changes of energy and those 
changes of chemical composition which are connoted by the 
terms atlotropy and isomerism. 

63. Two distinct forms of the element phosphorus are 
known. In other words, two kinds of matter are known, each 
characterised by its own properties (e.g. melting point, crystalline 
form, solubility in a given liquid &c.) and yet each wholly 
transformable into the other without loss or gain of mass, and 
each yielding the same mass of the same new kind of matter 
under similar conditions (e.g. 1 gram of either phosphorus 
when burnt produces 2 29 grams of phosphorus pent oxide). 
Phosphorus, sulphur, carbon, silicon, boron, oxygen and some 
other elements exist in more than one form ; they exhibit the 
phenomenon of allotropy. The change of yellow into red 
phosphorus, that of oxygen into ozone, that of prismatic into 
octahedral sulphur, &c. are allotropic changes. 

64. Many compounds, especially carbon compounds, are 
known all having the same percentage composition and the 
same density in the gaseous state, and yet each differing more 
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or less from the others both in chemical and phyaical properties. 
Thus the composition and the density as gases of ethylic alcohol 
and methylic oxide are expressed by the formula C,H^O ; but 
these compounds differ considerably in their properties. There 
are three dibromobenzenes, CgH^Br,, each characterised by a 
definite boiling-point &c., and by its behaviour towards such 
reagents as caustic potash or nitric acid. Alcohol and methylic 
oxide on the one hand, and the three dibromobenzenes on the 
other hand are said to exhibit isomerism : the change from 
alcohol to methylic oxide, or from one dibromobenzene to 
another, is called an isomeric change'. 

65. The phenomena of allotropy and isomerism are included 
in the conception of chemical composition. The molecular 
theory asserts that the properties of any specified kind of matter 
are the properties of the molecules of which that matter is built 
up ; and that the properties of these molecules are conditioned 
by the nature, number, and relative arrangement of the parts of 
the molecules, that is, of the atoms which compose the 
molecules. Experiment has shewn that the molecule of oxygen 
is diatomic while that of ozone is triatomic. In this case we 
have certain properties associated with the existence of mole- 
cules each composed of two atoms of the same kind, viz. 
oxygen, and we have other properties associated with the 
existence of molecules each composed of three atoms of the 
same kind of matter, which kind of matter is again oxygen. It 
is possible that each kind of phosphorus, or sulphur, or carbon &c. 
has a different molecular weight from each other kind, biit we 
have as yet no direct experimental evidence in support of this 
view. The whole of the modern so-called constitutional or 
structural formulae are based on the assumption that the 
properties of a molecule are conditioned not only by the nature 
and number, but also by the relative arrangement of the 
atoms in that molecule. We attempt, in a crude way, to 
represent such relative arrangements in our formulae, making 
use of certain subsidiary assumptions and conventions. Thus 
we write the formula of alcohol as C^Hg . OH, and that of 
methylic oxide as HgC . O . CHj and we assume (among other 

^ The student should carefully study the phenomena of allotropy and 
isomerism from the chemical point of view. 
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things) that in the former molecule there is direct mutua.1 
action between one of the carbon atoms and the oxygen atom, 
whereas in the second molecule there is direct mutual action 
between the oxygen atom and each of the atoms of carbon. 

66. The known thermal data regarding allotropic changes 
are not very numerous : the following numbers shew that there 
is a definite quantitative connection between these changes and 
the running down of energy to the form of heat. 

[P", 0*] = 369,100 gram-units, where is 62 grams of ordinary 
phosphorus (P.) ; 

[P*, O*] - 326,800 gram-unit8, where P, is 62 grams of amorphous 
phosphorus (P^). 

Hence the change of 31 grams of ordinary phosphorus into the 
same mass of amorphous phosphorus is attended with the evolution 
of 21,150 units of heat 

[20z = 30"] - 59,200. That is, the change of 96 grams of ozone 
into 96 grams of oxygen is attended with the evolution of 59,200 
units of heat 

67. A considerable mass of data regarding the thermal 
values of isomeric changes has been accumulated. The following 
numbers serve to illustrate the connection between this class 
of chemical reactions and the running down of energy*. 

Heats of combvstion of isomeric compounds, 

L Benzene = 788,000. II. Dipropargyl = 883,200. 

C.H.O. 

I. Acetone = 424,000. II. Propaldehyde = 426,000, 

III. AUylalcohol = 443,000. 

CaH^O.. 

I. Ethylic formate = 390,000. II. Methylic acetate = 395,000. 

C.H.O,. 

L Acetic acid -= 210,000. II. Methylic formate = 252,000. 

C.H.O. 

I. Ethylic alcohol = 330,000. II. Methylic oxide = 344,000. 
> For further data, see Appendix II, 



Digitized by Google 



SECT. L g 68, 69.] ALLOTROPY AND ISOMERISK. 

C,H,(OH)CO.H. 
I. Parahydroxybenzoic acid = 752,000. 11. Meti^acid = 7iri>()Q0^ 
III. Ortho-acid = 769,000. 

68. The data on this subject are not sufficient to warrant 
any but the broadest generalisations. It is probable that the 
differences between the energies of isomeric molecules largely 
depend on these three conditions : — 

(1) Whether each atom in the molecule acts on, and is 
acted on by, the maximum number of other atoms ; in other 
words whether each atom exhibits its maximum valency in the 
given molecule. 

(2) . On the nature of the atoms between which direct 
mutual action occurs within the molecule. 

(3) On the symmetry of the structure of the molecules. 

If the structural formulae of the compounds in the foregoing 
table are compared it will be seen : (i) that dipropargyl, which 
is a compound belonging to the paraffinoid group of carbon 
compounds, contains more energy than the isomeric molecule 
benzene, which belongs to the benzenoid group of carbon 
compounds ; (ii) that of the three isomeric hydroxybenzoic acids, 
all of which are benzenoid compounds, the para-compound, which 
h the most symmetrical, contains the least, and the ortho-com- 
pound the most energy ; and (iii) that of two or more isomeric 
paraffinoid molecules, that containing the greatest number of 
tetravalent carbon atoms contains the smallest quantity of 
energy, provided the distribution of the atomic interactions 
is tKe same, or nearly the same, in the molecules. But these 
three conclusions are only special cases comiiig under the broad 
generalisations already stated. 

69. There is a great difficulty attending the chemical 
interpretation of such thermal data as we are now considering. 
When we make such statements as the three generalisations in 
par. 68 we use language which may have a precise meaning, but 
which is not unfrequently employed without any meaning 
at all. Now unless the language in which we express the 
chemical aspect of the twofold change (change of energy and 
change of material configuration) means something, the supposed 
M. T. c. * 5 
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explanation is no explanation, but is only a form of words 
* full of sound... signifying nothing.' Such expressions as ' tetra- 
valent atoms/ ' distribution of atomic interactions/ ' para-, ortho-, 
meta-compounds/ 'paraffinoid and benzenoid compounds/ 'sym- 
metrical and unsymmetrical molecules/ must be used as sum- 
marising facts in the language of a special theory ; they must 
call up in the mind of the student more or less clear-cut 
mental images, else they have no scientific value, or rather 
their value is a negative quantity. But to explain these terms 
would be out of place here. I am assuming in the reader 
of this book some knowledge of chemical principles. It is of the 
utmost importance that before going further he should have 
clear conceptions regarding the methods of obtaining structural 
formulaB, and the facts which these formulae summarise and 
suggest. In what follows I shall assume the existence of such 
conceptions. I shall employ structural formulae, where necessary, 
and shall use such expressions as ' monovalent ' or * polyvalent 
atoms/ ' maximum valency of an atom in a specified molecule/ 
' distribution of atomic interactions,' and the like, in the sense, 
and with the meaning, given to these formulae and these 
expressions by Lossen*. 

70. Now T think it is evident that could we connect 
definite changes of energy with definite isomeric changes we 
should have done a good deal towards measuring one class 
of relations between composition and properties. We must, it 
is true, express the changes of configuration which we study in 
isomerism in terms of a special theory of the structure of 
matter, and the terms employed are not so expressive as at first 
sight they seem to be. But great advances in the study of 
chemical composition have been made by applying the molecular 
theory to the phenomena of isomerism. If only we can keep 
within the definitions of the theory, and if, when a difficulty 
occurs, we can refrain from introducing a new hypothesis without 
acknowledging it to ourselves or to others, then, I think, the 
thermal study of isomeric changes must advance the science of 
chemistry, even if that science is forced to content itself with 

^ Lossen's views are stated and discussed in detail in my Principles of 
Chemistry, Book I. Chap. ii. 
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such partial conceptions of the mechanism of these changes as it 
now^ possesses. We have plenty of data regarding isomerisni 
from the purely chemical standpoint ; what we now require is 
measurements of the energy-changes which accompany these 
material changes. We do not, I think, want to add indefinitely 
to the list of compounds to each of which a constitutional 
formula is given ; we rather want to know more about the 
compounds already prepared. We want to classify these com- 
pounds, so that we may see connections between transformations 
of energy and transformations of matter, because by doing this 
we hope to rise from empirical statements to general principles. 

71. The only serious attempt which has yet been made to 
trace definite connections between changes of molecular structure 
and changes of energy has not, it appears to me, been very suc- 
cessful. But I believe the failure is to be traced to the dominating 
influence of certain idols of the market place. The tyranny of 
phrases has here, as so often before, led the investigator captive. 

72. Thomsen* has endeavoured to measure what he calls the 
'dynamic value of each of the bonds of carbon/ 

It is almost impossible to attach any precise meaning to 
the expression * a bond,' as this is used in the various text books, 
and by different chemists. 

The atom of hydrogen is monovalent, that is, an atom 
of hydrogen, so far as we know, never directly acts on and 
is acted on by more than a single other atom in a molecule. 
The atom of oxygen is divalent, that is, an atom of oxygen 
can directly act on and be acted on by two other atoms in a 
molecule: but in some molecules, e.g. in the molecule CO, 
there are only two atoms, one of which is oxygen. 

The theory of bonds uses a language of its own to express the 
foregoing statements. It speaks of the hydrogen atom as having 
one bond, and the atom of oxygen as having two bonds ; when 
two atoms of hydrogen combine with one of oxygen to form a 
molecule of water-gas, the theory says that each bond of the 
oxygen atom is satisfied by the bond of a hydrogen atom ; 
when the molecule CO is formed, it says that both oxygon 
bonds are satisfied by two bonds of the carbon atom. But the 

1 Ber. 13. 1321; and Journal fitr prakt. Chem, (2) 23. 157 and 163, 

5—2 
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atom of carbon is tetravalent. What then becomes of the two 
remaimng bonds of the carbon atom in the molecule CO ? They^ 
satisfy one another, says the bond-theory ; or they remain free 
and unsatisfied, say some chemists who on the whole support 
the theoiy of bonds. 

73, Consider these four transactions : — 

(1) C, + H.= 2CH,; (2) 0. + H. = C.H.; (3) C.+ H, = C.H,; 
(4) C.+ H. = C^.. 

Each operation represents the formation of a hydrocarbon 
molecule (or molecules). The bond-theory represents these 
transactions in this way, 

(1) C=C + 4(H— H)= ^C-f + ^C"^ ; (2) C=C + 3(H— H)=H— C— C— I 

H-^ 

H H 

(3) C=C+2(H-H)= "^0=0:;^ ; (4) C=C+H-H=H— C=C— H; 

Each reaction consists (by the theory) of various parts : — 
(a) Sepai'ation of the diatomic molecule C = C into the 

atoms ^ -h-d^ 
I J 

(/8) Separation of two or more diatomic molecules H— H 
into the atoms H — , H — ; 

(7) Combination of these atoms to form the new molecules 
jj 

H— C— H, H— C5— C— H, C=C , or H— C=C— H. 

Now (a) and (J3) occur in all the reactions under con- 
sideration, but (7) varies in each of these reactions. In the 
formation of the molecule CH^ we have, says the bond-theory, a 
combination of one atom of carbon with four atoms of hydrogen 
to form a molecule wherein each carbon bond is satisfied by 
a hydrogen bond ; but in the three other reactions we have 
molecules produced wherein one carbon bond is satisfied by 
another carbon bond {GJEL^, or two carbon bonds are satisfied 
by two carbon bonds (C^HJ, or lastly three carbon bonds are 
• satisfied by three carbon bonds (C,HJ. Hence if the total 
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thennal value of each reaction can be determined, and if the 
thermal values of the parts we have called (a) and (fi) can be 
determined, we shall have data for calculating the thermal 
valae of the part we have called (7). 

To determine the total thermal value of each of the four 
reactions is to determine the heat of formation of CH^ C,H^ 
C,H^ and C^H, respectively. We have already learned the 
principle by which this can be done*. 

In order that atoms of carbon, represented by the bond- 

cneory as - 6-, -6- &c., should be produced from solid carbon, the 
i I 

carbon must be gasified ; that is, heat must be added until a mass 
of molecules C = C is obtained, and then more heat must be added 

until these molecules are separated into atoms &c, 

I I 

Now consider the two reactions C + O = 00, and + 0, 
= CO^. Starting with solid carbon, the first of these reactions 
may be represented thermally as consisting of two parts ; (1 ) 
absorption of heat in order to gasify one atom of carbon, and 
(2) evolution of heat by the combination of this atom with an 
atom of oxygen. Similarly the second reaction may be regarded 
from a thermal point of view as consisting of two parts ; (1) 
absorption of heat in order to gasify one atom of carbon, and (2) 
evolution of heat by combination of this atom with two atoms 
of oxygen. Let the thermal value of (1) be represented by 
— d, and that of (2), when CO is produced, by k Let us now 
set down the actual thermal values experimentally determined; 
we have 

[0, O] = 29,290 = -d + A 
[C, O*] = 96,960 = 2*, 
assuming, that is to say, that the thermal value of the addition 
of each oxygen atom to a gaseous carbon atom to form the 
molecule CO, is the.same*. 

From these equations it follows that 
i = 67,670 
d = 38,380. 
1 See ante, Chap. i. pars. 68—60. 

> Thomsen deduces experimental evidence in favour of this assumption ; see 
his Untersuehungen, 2. 106 — 109. See also Mendelejeff, Ber. 15. 1555; or 
C. 8. Journal Abstracts for 1882, 916. 
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Now if we use the symbol r to represent the thermal value 
of the combination of an atom of hydrogen with an atom of 
gaseous carbon, and if we assume that this value is always 
constant in all hydrocarbons whether the atom of carbon has or 
has not already combined with hydrogen atoms, we get, according* 
to Thomsen, the following equations, expressing the heats of 
formation (for constant volume) of various hydrocarbons : — 

(1) [C, HJ= 21,170 = -(/+4r 

(2) [C^ H«] = 27,400 = -2d+Qr + v^ 

(3) [r/, H*] = 3,290 = - 2c? 4- 4r + V, 

(4) [C, H'] = - 48,170 = -2cf+2r + V3. 

The symbol here represents the thermal value of the 
' single linking ' of two gaseous carbon atoms, or the combination 
of these two atoms by one bond of each; represents the 
thermal value of the combination of a pair of gaseous carboa 
atoms by two bonds, and th« combination of a pair of gaseous 
carbon atoms by three bonds. 

Now let us see how Thomsen proposes to find 4he values of 
r and &c. 

The following numbers are obtained from experimental 
results : — 

(a) C,H, + H, =2CH^= 14,940 thermal units. 

(b) C.H,+ 2H, = 2CH, = 45,630 „ 

(c) C.H, + 3H, = 2CH, = 90,510 „ 

In (a) we have (i) separation of the ' single linking ' of two 
carbon atoms in the molecule C^Hg, and (ii) combination of two 
atoms of hydrogen with the residues CH3; 

hence, 2r-t;j = 14,940. (1) 

In (b) we have (i) separation of the ' double linking ' of two 
carbon atoms in the molecule C^H^, and (ii) combination of four 
atoms of hydrogen with the residues CHg; 

hence, 4r - = 45,630. (2) 

In (c) we have (i) separation of the ' treble linking ' of two 
carbon atoms in the molecule C^Hg, and (ii) combination of six 
atoms of hydrogen with the residues CH ; 

hence, 6r - = 90,510. (3) 

From equations (1) (2) and (3) 7* may be eliminated, and 
the following relations may be found : — 



Digitized by Google 



SECT. I. g 73, 74.] ALLOTROPY AND ISOMERISM. 



71 



2v^ - = 15,750 
3v, - = 45,690^ 




Then turning back to the four equations already given on 
p. 70 as representing the heats of formation of CH^ CA» QH^, 
and CaH,, we can determine the value of r from equation (1), 
and the values of v^, v^, and from equations (2) (3) and (4). 

The values thus obtained are these : — 

r = 14,887 ; = 14,835 ; = 13,920 ; v, = - 1,185. 

The following are the general conclusions which Thomsen 
draws from this investigation\ 

(1) Much heat is absorbed in the process of changing solid into 
gaseous carbon, viz. 38,380 gram-units for each atom of carbon. 

(2) When one atom of hydrogen combines with one atom of 
gaseous carbon 14,830 gram-units of heat are evolved. 

(3) The combination of two gaseous carbon atoms is attended with 
the evolution of much heat, provided these atoms combine by 
one, or two bonds. 

(4) When two gaseous carbon atoms combine by three bonds no 
heat is evolved ; a little heat is indeed absorbed. 

74. The fundamental assumption made by Thomsen in this 
investigation is that the molecule of gaseous carbon is diatomic. 
The only apparent reason for making this assumption is that it 
becomes easy to speak of two carbon atoms as united by one, 
two, three, or four bonds in the molecule Cj. On p. 17 are given 
the data on which the classification of elementary molecules in 
accordance with their atomicity must be based. If the student 
considers the table there given he will be convinced that Thorn- 
sen's assumption of the diatomicity of the carbon molecule is 
quite unjustified. Some of the results which Thomsen has him- 
self arrived at appear to oppose this assumption. Thus, how is 
it possible that two free gaseous atoms can combine together with 
absorption of heat unless the process of combination is complex, 
and consists of two parts, (1) separation of the atoms into parts 
with absorption of much heat, and (2) combination of these parts 
with evolution of less heat than was absorbed in (1)? Again 
the fact that the specific heat of carbon increases very con- 
siderably with increase of temperature suggests that the 

1 Untersuchungerii 2. 112. 
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molecule of carbon, or at least the reacting unit of solid carbon, 
is a complex structure. 

75. If one carefully examines Thomson's conclusions one 
will, I think, find that they are meaningless ; or that they 
completely demolish the theory of bonds which they are 
supposed to support. 

A bond is a 'unit of afl&nity', or a 'unit of atom-fixing 
power; ' at any rate it is always spoken of as a unit of some 
kind. Now when one ' bond ' of a carbon atom is ' satisfied ' by 
one bond of another carbon atom, there is, according to Thomsen, 
a running down of energy which is measured by the evolution 
of about 15,000 gram-units of heat; when two bonds of a 
carbon atom are satisfied by two bonds of another carbon atom, 
there is a running down of energy which is measured by the 
evolution of about 14,000 gram-units of heat ; and when three 
bonds of a carbon atom are satisfied by three bonds of another 
carbon atom, there is a gain of energy which is measured by the 
absorption of about 1200 gram-units of heat. Compare this 
unit, the 'bond,* with another unit in common use. One 
would be slightly surprised to discover that two feet were 
equal to one, and that three feet when added together 
measured a little less than nothing. Moreover the value of 
this ' unit of atom-fixing power ' varies according to the nature 
of the atom fixed. The dynamical value (to use Thomson's 
expression) of a carbon bond is variable; it differs. according as 
• the atom combines with carbon or with hydrogen atoms. 

The truth seems to be that the conception which underlies 
the word 'bond' is not a dynamical conception, although the 
language used by the upholders of the hypothesis is for the 
most part based on and derived from dynamical notions. 

It must surely be a legitimate object of research to de- 
termine the 'numerical values of the dynamical constants of 
carbon', that is, according to Thomsen, the constants on 
which the thermal values of the formation and decomposition of 
carbon compounds depend; but among those constants we 
cannot, I think, place the value of the ' bond 

The notion of the bond was unfortunately introduced to 
help chemists to clearer views regarding the valencies of atoms 
in molecules. At first chemists used the bond as an illustration; 



Digitized by Google 



SECT. L IL §§ 76, 77.] NEUTRALISATION. 



73 



they introduced it with an apologetic ' as it were but before 
long they forgot that there were fietcts underlying the words 
used ; the words became everything, and as usual the tyranny of 
phrases has proved unbearable. 

76. Many difficulties attend all attempts to apply thermal 
methods to the study of isomeric changes. We have as yet no 
kinetic theory of solids and liquids, and the only feasible 
theory of the mechanism of chemical change is strictly 
applicable to gases alone. If thermal data bearing on the 
subject of isomerism are accumulated I think we shall have to 
attempt a classification of isomerides for the most part inde- 
pendently of the prevalent chemical views regarding the 
structure of molecules. Shall we place the stable isomerides 
in one class, and the unstable isomerides in another, stability 
being measured by the greater or less loss of energy attending 
the formation of the diflFerent isomerides from the same 
materials? But in most cases part of Dhe energy lost will 
be the accompaniment not of chemical but of physical changes. 
How shall we separate these two kinds of change? Unless 
this separation can be made we may arrive at very wrong 
conclusions regarding the stability of isomerides : an isomeride 
which from purely thermal data is classed as chemically 
stable, may turn out to be chemically unstable ; the large 
heat-evolution attending the formation of the compound may 
be due to subsidiary physical occurrences which accompany the 
primary chemical change. 

For data regarding heats of combustion of isomerides see Appendix 

II. 

Section II. Neutralisation of acids by bases, and of bases 

by acids. 

77. The study of the phenomena of neutralisation is one 
well suited for the application of thermal methods. The 
chemical changes to be considered occur between compounds in 
dilute aqueous solutions, and the influence of subsidiary physical 
changes is thus reduced to a mimimum\ The subject of study 

1 See post f par. 199» 
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is also always a ehemical operation, rather than an individual 
compound; and operations, or processes of change, form the 
proper subject-matter of chemistry. 

The first volume of Thomson's Thernwchemische Untersuck- 
ungen is devoted to a consideration of the neutralisation of acids 
and bases. 

78. The heat of neutralisatim, of an acid by a base or of a 
base by an acid, is defined as the number of gram-units of heat 
evolved when equivalent* quantities, in grams, of the acid and 
base are mixed in dilute aqueous solutions, the products of the 
action being'also soluble in water. 

Thomson employs a solution of 2NaOH (grams) in about 
400 HjO (grams) as the standard base, and a solution of H,SO^ 
(grams) in about 400 H^O (grams) as the standard acid. 

The thermal values of the following reactions represent the 
heats of neutralisation of various acids and baae«. 

[2NaOHAq, 2HXAq] in the case of a monobasic aci3 
[2NaOHAq, ffXAq] „ dibasic 

pNaOHAq, |H«ZAq] „ tribasic 

[2NaOHAq, ^H^ZAq] „ tetrabasic „ 

{X = acid radicle); 

[H*SO*Aq, 2M0HAq or 2NZ»Aq] in the case of a monacid base 
[HWAq, M(OH)»Aq or N'Z^Aq] „ diacid 

[H»SO*Aq, |M(OH)»Aq or |N»X»Aq] „ triacid „ 

[H«SO*Aq, iM(OH)*Aq or |N*X"Aq] „ tetracid . „ 

(Z= H, or a radicle OK^^^^), 

79. Thomson divides the commoner acids into four groups 
according to the values of their heats of neutralisation. 

I. Those acids which have a heat of neutralisation approxi- 
mately equal to 20,000 gram-units : — 

HNO., HCIO, H.B,0„ H^CO. &c. 

II. Those acids which have a heat of neutralisation ap- 
proximately equal to 25,000 gram-units : — 

H.CrO^ C,H,(CO,H),, CH.CHOH(CO.H). &c. 

^ The student should note here that equivalent, not molecular, quantities of 
acids and. bases are employed: e.g. NajO^H, and HjSO^ and HsN^O, express 
equivalent quantities of soda, sulphuric acid, and nitric acid respectively. 
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III. Acids with a heat of neutralisation nearly equal to 
27,000 gram-units :— 

HCI, HBr, HI, HCIO3, HBrO„ HIO„ HNO„ H,S,0„ 
H,SiF„ HCO,H, CH.CO.H &c. 

Most of the acids examined by Thomsen belong to this group. 

IV. Acids having a heat of neutralisation greater than 27,000 
units, and varying from 28,000 to 32,500 units : — 

CH,C1.C0,H^ CHC1,.C0,H, CC1,.C0,H, H.C.O,, H.PO,, 
H,S03, H,SO„ .H.SeO^ HF, HPO. Ac. 

The heat of neutralisation of a few acids is less than 20,000 
units. 

80. The bases which are soluble in water may be divided 
into two groups, so far as their heats of neutralisation are 
concerned. 

I. The group of the hydroxides, represented by NaOH and 
KOH. The mean value of the heat of neutralisation of bases 
in this group is 31,350 gram-units. The group comprises the 
following bases : — 

V TaOH, ifftOH, XOH. TIOH; Ca(QH)^ -Si<OH)„ 
f Ba(OH);; N(CH3),0H, (C.H,)3S0H, Pt(NH.),(OH)^ 

II. The group of the anhydrous bases, or the amines, 
represented by NH3. The mean value of the heat of neutrali- 
sation of bases in this group is 28,000 gram-units. The group 
comprises NH3 and the amines NH/C^Hj^^j) and NH(C^Hj^^j)j. 
The substitution of negative radicles for H in the molecule NH3 
is attended with a considerable decrease in the heat of neutrali- 
sation of the base ; thus 

[2NHXC"H*)Aq, H*SO*Aq] = 15,500, 
and [2NH'(C^H0Aq, H'SO*Aq] = 15,200; 
also [2NH-0H Aq, H^SO*Aq] = 21,600. 

When CO is substituted for H, in 2NH3 the heat of neu- 
tralisation of the product [(NHj)2C0] is almost equal to nothing. 

81. The basicity of an acid the formula of which is known 
may be determined by measuring the quantity of heat evolved 

1 See |>ofif, pars. 96, 97. 
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during the reaction of one formula-weight^ of the acid, in dilute 
aqueous solution, on i, 1, 2 &c. formula- weights of soda, 
also in dilute aqueous solution. Thus consider the following 
thermal values : — 

Action of HCl Aq on NaOH Aq. Action of HjSO^ Aq on NaOH Aq. 

[HClAq, |NaOHAq]=about 6,000 [H»SO*Aq, |NaOHAq]= about 7,000 
[HClAq, NabftAgl= „^ 13,500 [H'SO*Aq^NaOB^= .^^^ 
[HCtS:q;maO^Sq]=\, 13,500. [HWAq,2NaOSAq]= „ 31,000. 

[HWAq, 3NaOHAq]= „ 3^1,^00. 
Action of CgHgO^ Aq on NaOfi Aq. 

[C'ffO'Aq, NaOHAq] = 1 2,400 

[C'H^O^Aq, 2NaOHAq] = 24,800 

[C«H«O^Aq, 3NaOHAq] = 38,000 

[C'HWAq, 4NaOHAq] = 38,000. 

From these data we conclude that hydrochloric acid is a 
monobasic, sulphuric acid a dibasic, and citric acid a tribasic 
acid. 

When one formula-weight of soda and one of hydrochloric 
acid react, as much heat is evolved as when twioe, or more than 
twice this quantity of soda is used; but the action of two 
formula-weights of soda on one of sulphuric acid evolves,^n 
round numbers, twice as much heat as the action of half this 
quantity of soda ; in the case of citric acid it is necessary to add 
three formula- weights of soda to one of acid before the maximum 
evolution of heat is attained. 

82. The quantity of heat evolved during the neutralisation 
of a dibasic acid is sometimes divisible into two exactly equal 
parts, according as one or two formula-weights of soda are 
allowed to react with one formula- weight of the acid. In other 
cases the thermal value of each stage of the total operation 
is diflferent. Thus consider the following data' : — 

[ffSiFAq, NaOHAq]= 13,300 [H'SO*Aq, ]SraOHAq] = 14, 750 
[H'SiFAq, 2NaOHAq] = 2 X 13,300. [H*SO*Aq, SNaOHAq] 

= (2. 14,750) + 1,900. 

1 The formulBB HCl, HjS04, H8PO4, H2C3O4 &e. do not represent equivalent 
quantities of the acids formulated ; nor do they represent, in all cases, molecular 
weights. The term formula-weight is cumbrous, but I think it expresses a 
definite quantity of the substance under consideration. 

2 Thomsen, loc. cU.y 1. 302—6. 
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[H»SO»Aq, NaOHAq] = 15,850 
[H^SO'Aq, 2NaOHAq] = (2 . 15,850) - 2,750. 

83. Each of these three acids represents a group. Thomsen 
divides the dibasic acids examined by him into three groups, 
according as the thermal value of the action of the second 
formula-weight of soda is (1) equal to, (2) greater than, or (3) 
smaller than, the value of the action of the first formula-weight\ 

The data are presented in the following table : — 

Group I. 

Heat evolred in action of 

NaOH Acid 

H.SiF. H.Pt01/ 
Ist formula-weight 13,300 13,600 

2nd „ „ 13,300 13,600. 

Group II. 

H^O, H.0,H,O. 
- Ist „ „ 14,750 14,750 13,850 12,460 

2nd „ „ 16,650 15,650 14,450 12,850. 

Group III. 

H,SO, H^SeO, H^CO. H.BA 
1st „ „ 15,850 14,750 11,000 11,100 

2nd „ „ 13,100 12,250 9,150 8,900 

H.CrO, H.PHO. O.H,(CO^). 
1st „ „ 13,150 14,850 12,400 

2nd „ „ 11,550 13,600 11,750. 

84. The tribasic acids examined by Thomsen may also be 
classified according as the thermal value of the action of the 
second formula-weight of soda is greater or smaller than that of 
the first, and the value of the action of the third formula- weight 
is greater or smaller than that of the second. The data are as 
follow:s : — 

Group I. 

Acid 

Heat evolved in action of H^C^HgO^ 'EL^C^TLfi^ 
NaOH {Aconitic Acid) (Citric Acid) 

1st formula-weight 12,850 12,650 

2nd „ „ 12,950 12,800 

^ 3rd „ „ 13,350 13,550. 

1 Thomsen, loc, cit. 

' But see Thomsen, Zoc. cit, 1. 229: it is doubtful whether the nmnbers 
given really represent the thermal value of the action of soda on this acid. 
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Group II. 

Heat eyolved in action of 

NaOH Acid 

H3ASO, H3PO, 

1st formula-weight 15,000 14,850 

2nd „ „ 12,600 12,250 

3rd „ „ 8,350 6,950. 

Group 1. of the tribasic acids corresponds to Group II. of 
the dibasic, and Group II. of the tribasic to Group III. of the 
dibasic acids. 

85. Thomson suggests that this classification of dibasic and 
tribasic acids may be summarised in the following typical 
formulae :— 

Dibasic Acids, 

Acid of Group I. Typical formula RH. e.g. SiF^ . ; 

II. „ R(OH). e.g. SO.(On).; 

III. „ R(OH)H e.g. SO,(OH)H. 

Tribasic Acids, 

Acid of Group I. Typical formula R(0H)3 e.g. C,Hp^(OH)., ; 

II. „ HR(OH)H e.g. HP03(0H)H. 

Let us now consider Thomson's results and conclusions in a 
little more detaiP. 

86. As regards monobasic acids : the addition of more soda 
than suffices to produce the normal salt of one of these a.cids, or 
the addition of the acid itself to the normal sodium salt, is at- 
tended by practically no thermal change, or at most by a thermal 
change the value of which does not amount to 2 per cent, of the 
total heat of neutralisation. 

87. As regards dibasic acids: we have seen that in the 
case of every acid, except two, examined by Thomson, the 
thermal value of the action of the first quantity of soda added 
is diflferent from that of the second, equal, quantity of soda. 
The first of the typical formulae suggested by Thomson for 
the three classes of dibasic acids (par. 85) is probably to be 
assigned to H^PtClfi and HgSiFg only. 

Why should the formula R(OH\ rather than R(OH)H be 

^ Loc. cit.y 1. 300, et seq. 
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assigned to the acids of Group II.? The formula R(OH)H 
would indicate the easy separation of the acids into anhydride 
(R) and water (OHH). But the acids placed in Group III. are, 
as a class, more easily separated into anhydride and water than 
those placed in Group II. If the diflferences between the 
thermal values of the first and second quantities of soda acting 
on the acids of Group III. are tabulated we have this result : — 

H,S03 = 2,750; H^SeOg = 2,500 ; H,CO,= 1,850; H,B,0, = 2,200 ; 

H,CrO, = 1,600; H.PHO. = 1,250 ; C,H,(CO,H), = 650. 

These differences vary from 9 5 (H,SO,) to 27 [CA(CO,H)J 
per cent, of the total heat of neutralisation. We have good 
evidence in support of the statement that succinic acid is a 
dihydroxyl compound ; therefore, although it occurs in Thomsen's 
third group, we must place it with those acids the typical 
formula of which is R(OH)a i.e. with the acids of Group 11. 
It is fairly easy to separate the other acids of Group III. into 
anhydride and water. 

The formula C02(0H)H for carbonic acid is to some extent 
confirmed by the fact that the higher homologues of this acid 
although dihydric are distinctly monobasic. 

If the differences between the thermal values of the first 
and second quantities of soda acting on the acids of Group II. 
are tabulated we have this result : — 
H,SO^ = 1,900 ; H,SeO, = 900 ; H,C,0, = 600 ; H,H,C,0, = 400. 

These differences vary from 6 (H^SOJ to 1-5 (E^RjCfie) 
per cent, of the total heat of neutralisation. The differences in 
the case of acids of Group III. are considerably larger than these. 
When the difference between the thermal values under con- 
sideration is small, and, as a rule, the value of the second 
quantity of soda is greater than that of the first, Thomsen 
regards the acid as, generally speaking, belonging to the type 
Il(0H)2; when the difference in question is large, and the 
value of the second quantity of soda is, as a rule, smaller than 
that of the first, the acid is regarded as belonging to the type 
R(OH)H. 

88. The behaviour of arsenious acid, or rather of an 
aqueous solution of the compound AS3O3, towards soda is 
peculiar. The oxide AsjOg dissolves in water with absorption 
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of heat : [AsHD*, Aq] = - 7,550. When soda is added to this 
solution heat is evolved, and the salt NajHAsO, is produced. 
The thermal data are these : — 

[As"0»Aq, X NaOHAq] 

« = 7,300 I ^iff.^ 6,500 
« = 2 = 13,800 
. = 3 = 15,000 1 " =^'^^^ 
a; = 6 = 15,60o| " 

Let us contrast these data with those for the corresponding 
oxide of phosphorus. The compound PjOg dissolves in water 
with considerable evolution of heat. The thermal data observed 
when soda is added to this solution are summed up as follows : — 

[P"0»Aq, X JSTaOHAq] 
1 = 14,800 K^^l ^Q^ 
« = 2 = 28,500 
«= 3 = 28,900 5 » 

Aqueous solutions of AsjOj and PjO, are therefore altogether 
different as regards reaction, and hence also as regards com- 
position. It is very probable that AsgOg dissolves unchanged in 
water, but it is nearly certain that an aqueous solution of PjOg 
contains the acid BLgPOy But a comparison of the heats of 
neutralisation of aqueous solutions of AsjOg and PgOg shews that 
these liquids are very analogous; each indeed contains a 
tribasic acid. Thus, 

[HTO*Aq, X NaOHAq] [H«AsO*Aq, x NaOHAq] 

• diff. = 12,600 



= 8,400 
= 1,400. 



a? = 1 = 14,800 I = 12 300 ^ = ^ = 15,000 

« = 2 = 27,100 ' ^ ' a: = 2 = 27,600 

aj = 3 = 34,000 " ' a; = 3 = 36,000 

a;. 6 = 35,300 } " " "^'^^^ 6 = 37,400 

89. Too much stress must not be placed on any scheme of 
chemical classification of acids founded solely on thermal data. 
It is very probable that a considerable portion of the heat 
evolved during the neutralisation of acids by bases indicates 
physical, rather than chemical, change. If this is forgotten, very 
contradictory conclusions may be drawn from thermal data 
regarding the chemical composition of apparently analogous 
compounds. Thus, we have seen that Thomson assigns analogous 
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formulaB to arsenic and phosphoric acids viz. HPO,(OH)H and 
HAs03(0H)H; he has also assigned the formula HPoioH)H 
to phosphorous acid, and he thinks his data shew that an aqueous 
solution of arsenious oxide does not contain arsenious acid but 
the unchanged oxide AsgOj, but on the other hand that an 
aqueous solution of arsenic oxide contains the acid HjAsO^. 
Now an alkaline solution of arsenious oxide is quickly oxidised 
by addition of iodine, but an aqueous solution of the same oxide 
is not oxidised by this means. Thomsen* gives these num- 
bers : — 

[As'O^Aq, I*, 4NaHC0^Aq] = 114,200 ; but [As'O'Aq, 1*] = - 5,780. 

An aqueous solution of phosphorous oxide is very slowly 
oxidised by iodine, although the thermal value of the reaction 
is a large positive quantity : 

[PWAq, r] = 71,400. 

Thomson suggests, that in the oxidation of aqueous AsjO, it 
is only necessary to add on oxygen and water, but that in the 

I oxidation of aqueous P^Og it is necessary to bring about some 
more profound change in the arrangement of the constituent 

I parts of the compound. But Thomson s previous conclusions, as 
summarised above, are directly opposed to this view ; to convert 

I HP02(0H)H into HP03(0H)H should be a simpler process 

I than to produce HAs03(0H)H from AS3O3 and HjO. 

90. Thomson has considered the thermal phenomena 
attending the neutralisation of a few acids in considerable 

I detail. Let us look at his treatment of the thermal changes 
accompanying the action of alkalis on a solution of periodic 
acid^ 

91. Periodic acid, HJOg, is produced by the mutual action 
of perchloric acid, iodine, and water ; thus, 

1 H,C1.0. + I, + 4H.O = 2H.IO. + Cl.. 

When chlorine is passed into a strongly alkaline solution of 
sodium iodate, sodium periodate is obtained ; thus, 

NaI03 + CI, + 3NaOH = lSra,H3lO, + 2NaCl. 

* Loc. cit, 2. 237. 2 2,0c. cit. 1. 244. 

M. T. C. () 
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Barium periodate is produced by heating barium iodate ; 
thus, 

5BHl^0,(heated) = Ba^(IOeX + 41, + 90^ 
The compound HglOj is the only periodic acid which has 
been obtained, but salts are known which appear to be derived 
from other acids. Thus AgJOg (obtained by adding AgNOj to 
solution of NajHglOg or Ba5(I0g)^) dissolves in nitric acid, and 
the salt AgJgOs separates from this solution ; 

2 Ag JOe + 8HNO3 = + 8AgN03 + 4H.0). 

When AgJjOg is treated with water it is separated into 
periodic acid and a new silver salt Ag^T^Og ; thus, 
2 Ag.I.O, + 5H,0 = AgJ.O, + 2H,I0,. 
92. The following are the thermal data obtained by Thom- 
son regarding the neutralisation by potash of the acid HjIOgi — 

n [HWAq, nKOHAq] 
1 5,150 

1 16,520 

2 26,590 
I 28,230 

3 29,740 
5 32,040. 

The action of the first formula- weight of potash added \ sum =26,590; 
is attended with evolution of 5,150 units of heat -=13,295unit.s 
„ of the second do. do. 21,440 ,, „ ) per KOH 
„ of the third do. do. 3,150 „ „ added. 
„ of the fourth & fifth do. 2,300 „ „ 

The mean heat of neutralisation of most acids per formula- 
weight of potash or soda added is about 13,500 gram-units ; 
but no acid shews so great a diflference between the thermal 
values of the action of the first and second quantities of alkali 
as periodic acid. Thomson's results, when the quantity of acid 
varies that of potash being constant, are as follows :— 
n [7iH*I0«Aq, KOHAq] 



1 6,410 



^ 9,910 

I- 11,290 

\ 13,300 

^ 12,010 

1 5,150. 
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The quantity of heat evolved reaches a maximum when the 
acid and base react in the proportion HjIOg : 2K0H. This 
proportion of potash indicates what Thomson calls the 'limit of 
normal neutralisation' of the acid H5IO,. 

The results contained in the foregoing table are shewn in 
graphic form in the accompanying figure. The process of 




neutralisation evidently proceeds regularly until the proportion 
iHJO, : KOH (or HJO, : 2K0H) is reached. When more acid 
is then added much heat is absorbed; 8,150 units being the 
quantity absorbed by addition of another ^HjIOe grams of acid. 
This absorption of heat points to the production of an acid 
potassium salt in the solution. 

Analogous phenomena are exhibited by various dibasic acids; 
thus when H2SO4 (grams) is added to K2SO4 (grams) in solution, 
935 gram-units of heat are absorbed ; when H3Se04 is added to 
ELjSeO^, 290 units are absorbed ; and when Hfifi^^ is added to 
K2C2O4, 432 units are absorbed; in each case an acid salt is 
produced. 

93. These facts regarding periodic acid point to the con- 
clusion that the normal potassium salt of the acid HglOg must 
have the formula B^gHjIOg, and the acid salt the formula KH4lOg. 
Two-fifths of the total hydrogen in the acid is, on this view, 
normally replaceable by potassium. 

But how are we to account for the existence of the salts 
-^gJi^vt ^JaOgj &c. ? Here w^e must remind ourselves that 
many periodates of the form X^^IOq easily lose water, on 
heating, with production of new salts XJfig, To indicate the 

6—2 
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easy occurrence of this reaction it will be advisable to double 
the ordinary formula for periodic acid, and to write it HioIjOjo. 
This acid will then be regarded as tetrabasic, forming the acid 
salts -STgHj . HglaOjg, and the normal salts . HglgOja some of 
which readily lose water (SH^O) with production of salts of the 
form XJ.fi^] these last named salts may then be regarded as 
derived from an acid HJaOj, ( = . HJ2O12 — SKfi). 

But, remembering that when 2K0H is added to H4 . HglgOja 
the quantity of heat evolved is only a small fraction of that 
produced when 4K0H is added to the same quantity of acid, it 
occurs to us to ask: is the salt produced by the mutual action of 
2K0H and H^.H^I^Oi^ really the acid salt K^H^.HJaO^? It 
has been suggested that the salt in question has the composition 
KaTgOg. This salt (KjIgOg) is, we know, produced when chlorine 
is passed into an alkaline solution of potassium iodate. If the 
action of 2K0H on H4 . H^lfi^ results in the production of K^IgOg, 
but the action of 4K0H on the same quantity of the same 
acid results in the production of . HglgOij, then the action 
of the acid on the last mentioned salt would probably result 
in the formation of the first named salt, viz. K^IaOg. On this 
view, these three reactions would be represented in formulae thus : 

(1) 2K0H + H, . H.T.O,. = K.1.0. + 6H.0 ; 

(2) K.I.O3 + 2K0H + 2H.0 = K, . H.I,0„ ; 

(3) K, . H.I.O,. + H, . H.I.6,. = 2K,I.O. + 8H.0. 

In (1) we have not only partial neutralisation of the acid 
but also the separation of 6H2O ; in (2) we have fixation of 
2H2O accompanying the production of the new salt ; and in (3) 
we have separation of 811,0 accompanying the decomposition 
of the normal salt. We should expect reaction (1) to be 
accompanied by the evolution of less heat than (2), and we 
should certainly expect reaction (3) to occur with absorption of 
a considerable quantity of heat; and these expectations are 
confirmed by the data given in the tables on p. 82. 

94. Perhaps if we write the formula of periodic acid, with 
Thomson, as HJ2O9 . 3H2O rather than H4 . HJ2O12, we get as 
good a general view of the facts regarding the periodates as can 
be hoped for at present. The action of potash on this acid 
would be formulated in this way: — 
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(1) HJ,0,. 3H,0 + 2K0H = K.I.O, + 6H.0 ; 

(2) K,1.03 + 2H,0 + 2K0H = KJ,0. . 3H.0. 

Keaction (1) is attended with the evolution of 2 x 5,150 
units of heat ; reaction (2) with the evolution of 2 x 21,440 
units. Taking the mean thermal value of 2K0H as 2 x 13,300, 
it is seen that reaction (1) is 2 x 8,150 units less, and reaction 
(2) is 2 X 8,140 units more, than the mean\ 

95. A thermal examination of the neutralisation-phe- 
nomena of silicic acid has been made by Thomsen". The 
solution used was prepared by exactly neutralising an aqueous 
solution of sodium silicate of known strength by hydrochloric 
acid. Thomsen s general results are as follows : — 

(1) Silicic acid exhibits no fixed neutralisation- point 

(2) The heat of neutralisation increases as the quantity of 
acid increases, and approaches a probable maximum, equal to 
13,400 units for one formula-weight of soda. 

(3) When the quantity of silicic acid remains constant, and 
is equal to that expressed by the formula SiO^, the thermal value 

' of the action of soda increases as the quantity of soda increases, 
I and approaches a probable maximum of 6,300 gram-units. 

(4) The thermal value of the gelatinising of an aqueous 
solution of silicic acid is almost nil, 

(5) The thermal phenomena attending the mutual action 
of soda and silicic acid point to the existence, under certain 
conditions, of isomeric modifications of the acid. 

Thomsen has shewn that sulphydric acid is a monobasic 
acid ; HSH. The analogies between the actions of sulphur 
and oxygen lead him to favour the view that water is also a 
monobasic acid : HOH ; the salts Na^S and K^S cannot exist 
in aqueous solution, no more can the salts Na^O and K^O exist 
in aqueous solution. This view helps to throw some light on 
the anomalous behaviour of an aqueous solution of silicic acid 
towards soda. The base (soda) is divided between the two 
acids (silicic acid and water) in accordance with the relative 
avidities' (or affinities) of these acids. The avidity of most acids 
is so much greater than that of water, that when an acid and 

• ' For more details see Thomsen, loc. cit. 1. 252—3. 

2 Loc. cit. 1. 211, et seq. 

3 See post, pars. 102 —110. 
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water react on a base the whole or almost the whole of the base 
is combined with the acid ; but the avidity of silicic acid is so 
small (almost equal to nothing according to Thomsen) that a 
considerable quantity of the base remains combined with the 
water. For this reason, also, the heat evolved in the action under 
consideration varies considerably, according as much or little 
water is present. 

96. We must now turn to Thomsen s treatment of the ther- 
mal phenomena presented during the neutralisation of bases. 

The action, the thermal value of which is to be measured, 
may be represented by the general formula 
[BAq, H^SO^Aq], 

where B is a base. 

When the product of the action is an insoluble salt, e.g. 
when B = SrO or BaO, the thermal value of the precipitation 
of this salt from solution must be determined* 

Thomsen gives the following numbers as representing the 
values of the reaction formulated above when the base varies: — 

Gram- 
Base Gram-units + . Base Gram-units + . Base units -H. 

Li,0 31,288 T1,0 31,095 BaO 36,896 

Na.O 31,378 ^ O 28 152 ^^'^^^ 

K,0 31,288 (^^^h"^ CaO 31,140. 

None of these numbers, with the exception of those for 
ammonia and baryta, differs much from that for soda, viz. 
81,378. An aqueous solution of ammonia certainly differs very 
considerably from an aqueous solution of any of the other 
oxides examined. The large value obtained for baryta is ex- 
plained by the fact that barium sulphate is precipitated, and 
that heat is evolved in this process. But strontium sulphate is 
also an insoluble salt : why is the value observed for strontia less 
than that observed for soda? Thomsen answers this question 
by saying that heat is absorbed when strontium sulphate is 
precipitated from its solution. The mode of reasoning on 
experimentally determined data by which this result is arrived 
at is instructive. Let us examine it a little. 

97. In the first place, Thomsen compares the heats of 
neutralisation of soda and baryta when acted on by various 
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acids which form soluble salts with both bases, with the heats of 
neutralisation of these bases when acted on by sulphuric acid. 
The following table contains his results' : — 



Acid, 



Heat evolved hy the action of 

2NaOH BtiiOH.)^ Difference, 



Hvpophosphorous 2H3PO 

Chloric 2HCIO3 

Hydrochloric 2HC1 

Nitric 2HNO3 

Dithionic H 8 0« 

Efchylsulphuric 2C,H^HS0, 

Acetic 2nH.O- 

Sulphydric 2HSH 



30,320 
27,518 
27,488 
27,364 
27,072 
26,926 
26,790 
15,476 



30,931 
28,056 
27,784 
28,264 
27,760 
27,560 
26,904 
15,748 



611 
538 
296 
900 



mean = 507, 
or about 2 
1 per cent, of 



688 r the heat of 



634 
114 
272 



neutralisa- 
tion. 



Sulphuric ^ H,SO, 31,378 36,896 5,518. 

There can be little doubt that the large diflference in the 
last line of this table is due to the heat evolved during the 
precipitation of barium sulphate, and that the true heat of 
neutralisation of baryta is approximately the same as (probably 
about 500 units more than) that of soda^ 

This result is confirmed by a thermal study of the reaction 
[M«SO*Aq, BaO'H^Aq] 

where M = Na, K, Tl, or NH^. This reaction if thermally 
expanded, represents the difference between the heat of neutra- 
lisation of baryta and that of soda, potash, thallia, or ammonia, 
by sulphuric acid ; 

[MWAq, BaO«H«Aq] = [BaO'H'Aq, H'SO^Aq] -[M^O'H'Aq, 

H'SO*Aq].« 

The differences as thus measured are shewn to agree very 
closely with the differences obtained by direct observation of 
the heats of neutralisation, by sulphuric acid, of baryta and the 
four bases already named*. 

The two following reactions are strictly comparable, 

(1) [BaCPAq, Na^SO*Aq] = 5,240 ; (2) [SrCPAq, Na'SO^Aq] = - 300. 

1 Loc. cit. 1. 329. 
Therefore, the heat of precipitation of BaS04 is about 6000 + . 

^ We suppose the sulphate to be separated into MgOgHgAq and H2S04Aq; the 
heat absorbed in doing this will evidently be equal to that evolved in the 
neutralisation of the base MgOaH^Aq. 

^ Id. loc. cit. 1. 315. 
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If these reactions are thermally expanded, each is found to 
consist of four parts ; thus (let X = Ba or Sr) 
[XCl«Aq, Na»SO*Aq] 

/[XO^H'Aq, H«SO*Aq] - [XO'H"Aq, 2HClAq] 

(1) (2) 
-[Na'O'H'Aq, H*SO*Aq] + [Na»0»H»Aq. 2HC1 Aq]. 

In both cases an insoluble sulphate is produced and precipi- 
tated ; then, assuming that the true values of (1) and (2) are 
the same whether X = Ba or Sr, it follows that the difference 
between the observed values of the two reactions must approxi- 
mately represent the difference between the heats of precipita- 
tion of the two insoluble sulphates. Now 5,240 - (— 300) = 5,540. 
But the heat of precipitation of barium sulphate has been shewn 
to be about 5,000 units ; therefore the heat of precipitation of 
strontium sulphate is represented by a small negative value, 
which is approximately equal to 500 units. 

98. Thomsen concludes that the heat of neutralisation of 
aqueous solutions of the alkalis (including thallia) and alkaline 
earths, is a constant number : when sulphuric acid is used the 
value is 31,150 units, when nitric or hydrochloric acid is 
employed the value is 27,640 units. To this group belong the 
organic bases N(CH3),0H, (C,H,),SOH, and Pt(NH3),(0H)^. 
The heat of neutralisation of ammonia in aqueous solution is 
approximately 3,046 units less than that of the alkalis and 
alkaline earths. 

99. Thomsen then proceeds to determine the heats of 
neutralisation by sulphuric acid of the bases MgO, MnO, NiO, 
CoO. FeO, CdO, ZnO, and CuO. The method employed 
consists in decomposing aqueous solutions of sulphates of mag- 
nesium, manganese &c. by baryta water ; that is to say, values 
are found for the reaction 

[MSO*Aq, BaO'ff Aq], 
where M = Mg, Mn &c. 

When this reaction is expanded it becomes 

[MSO*Aq, BaO^H^Aq] - [BaO'H^Aq, H«SO*Aq] - [MO'H^Aq, 

H»SO*Aq]. 

Hence if the value of this reaction for each base is subtracted 
from the thermal value of the action of H.^SO^Aq on BaO^HjAq, 
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viz. 36,896 units, the remainder represents the heat of neutrali- 
sation of the given base by sulphuric acid The data are 
presented in the following table*. 

Se(U8 of nejitrcdisation of tJve hoses of tJie magnesia group, 
M [BaOSfl^Aq, H^SO^Aq] - [MSO*Aq, BaOafl'Aq] = [MO^H^Aq, H»SO*Aq]. 



Mg 36,896 5,840 31,056 

Mn „ 10,304 26,592^ ^. 

Ni „ 10,628 26,26arH^^ ^ / 

Co „ 12,224 24,6W t\V . i-^. 

Fe „ 12,004 24,89k ?^ ^ 

Cd „ 13,072 23,824^^' 

Zq „ 13,428 23,468 

Cu „ 18,456 18,440. 



The heat of neutralisation of magnesia is practically the 
same as that of the alkalis and alkaline earths ; the heats of 
neutralisation of the other bases of the group shew considerable 
differences. 

100. The value of the reaction [Fe'O'H'Aq, 6HClAq] is 
obtained by Thomson from the following data : — 

(1) [6NaOHAq, 6HClAq] = 82,464; (2) [FeWAq, 6NaOHAq] 

= 49,008. 

Now reaction (2) when expanded becomes 

[6NaOH Aq, 6HC1 Aq] - [Fe'O'H* Aq, 6HC1 Aq]. 
Hence from the numbers given 

[l^VO'H'Aq, 6HClAq] = 33,456 units. 

101. Thomsen thinks that the true heats of neutralisation 
of aqueous solutions of the bases of the magnesia group are 
represented by a constant number, and that the differences 
observed in his method of procedure are due to diflferences 
in the heats of solution in water of the various bases. The 
arguments by which Thomsen seeks to establish this conclusion 
are, it seems to me, very untrustworthy*. 

For data regarding heats of neutralisation of acids and bases see 
Appendix III. 

1 Thomsen, loc, cit. 1. 339—340. 
3 See he. cit. 1. 436—440. 
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Section III. Distribution of a base between two acids. 
Relative avidities of acids. 

102. When two acids and one base react in equivalent 
quantities in a dilute aqueous solution, the products of the 
action being all soluble in water, what are the proportions in 
which the acids combine with the base ? 

103. Neutralisation of various acids by the same base is 
attended with evolution of different quantities of heat. If one 
acid replaces another from its combination with a given base 
the operation will be attended by a thermal change, the value of 
which will be positive or negative according as the heat of 
neutralisation of the free acid is greater or smaller than that of 
the acid already combined with the base. 

Thus, consider the reaction between equivalent quantities of 
nitric acid and sodium sulphate in dilute aqueous solution. 
The distribution of the various compounds before and after the 
reaction will be represented thus, 

Na^SO, + H,N,0, = x Na,N.O, + x H,SO, + (1 - a^) Na^SO, 

+ (l-a:)H,N.O,. 

In order to determine the thermal values of the various 
parts of this reaction it will be necessary to measure the thermal 
change which occurs during each of the following operations: — 

(1) Neutralisation of sulphuric acid by soda. 

(2) Neutralisation of nitric acid by soda. 

(3) Action of sulphuric acid upon sodium sulphate. 

(4) Action of nitric acid upon sodium nitrate. 

(5) Action of sulphuric on nitric acid^ 

104. When equivalent quantities of nitric acid and sodium 
sulphate react in dilute aqueous solution heat is absorbed ; but 
when sulphuric acid and sodium nitrate react under similar 
conditions heat is evolved. But the final distribution of the 
base between the two acids will be the same in both cases ; and 
moreover, this distribution will be the same as that which 
results when equivalent quantities of the two acids and the 

1 See Thomsen, loc. cit. 1. 98 et scq.; or, full abstract of Thomsen's 
ori{,'inal paper in rhil Mag. (4) 39. 410. 
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base mutually react. Suppose we start with Naj,O^H,, H^S04, 
and HjjNgOg (in solution) and allow the system to settle down 
into equilibrium, we shall have x thermal units evolved or 
absorbed. But if we start with Na^SO^ and H^,0„ or with 
NajjNjOg and H^SO^, we shall get the same distribution of 
the various bodies when equilibrium is established as we had in 
the first ease. Now as the thermal change which accompanies 
a definite chemical change is independent of intermediate states 
of the changing system, it follows that the thermal value of 
the mutual actions of the three bodies (call them A, B, A') is 
the same whether the actions occur simultaneously or one after 
the other. Hence we have the general statement 

[A, B, A'] = [A, B] + [AB, A'J 
= [A', B] + [A'B, A]; 
hence [A'B, A] - [ AB, A'] = [A, B] - [A', B]. 

105. Applying this statement to the special case already 
considered, we say that the difference between the thermal 
values of the action of H3SO4 on NagNaOs and that of 
H.;5N206 on NajS04 (all in dilute aqueous solutions) is equal to 
the difference between the thermal values of the neutralisation 
of Na^O^H^ by H^SO^ and by H^N A- 

Now the thermal values observed by Thomson were these ^; — 

(1) [Na'NWAq,H^SO*Aq]=576; [NaWAq,H»N'0«Aq]=- 3,504; 

Difference = 4,080. 

(2) [Na^O'H^Aq, H'SO*Aq] = 31,378 ; [Na^O'H'Aq, H^N*0*Aq] 

= 27,234 ; 

Difference = 4,144. 
These differences vary by about 0*2 per cent, of the value of 
the heat of neutralisation of either acid by soda. 

106. Now consider the distribution of the reacting bodies, 
when one equivalent of nitric acid (A'), one equivalent of sul- 
phuric acid (A), and one equivalent of soda (B), mutually react ; 
or, for the two cases are identical, when one equivalent of nitric 
acid (A') acts on one equivalent of sodium sulphate (AB). 

The initial and probable final distribution of the various 
compounds will be represented by the equation 

^ Thomsen, loc, cit. 1. 112. 
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Na,0,H, + H,SO, + H,N,0, ^ «Na,N,0, + a;H,SO, + (l-a;)Na,SO^ 
(B + A + A') 

or 



Na.SO, + H.N.O, 



+ (l-a:)H.N,0, 

(AB + A') (^^'-^ + xA + (1 - a;) AB + (1 - a;) A'). 

But it is possible that some of the products of this change 
may mutually react ; therefore, in order to determine the total 
thermal value of the above operation, it will be necessary to 
determine the following partial values : — 

(a) decomposition of x equivalents of Na^SO^ (-^B) ; 

(b) formation of x equivalents of Na^NjOg (-^'B) ; 

(c) reaction of x equivalents of H^SO^ (A) on (1 - a;) equivalents 
of Na,SO, ( AB) ; 

(d) reaction of (1-aj) equivalents of H^N^Og (A') on x equi- 
valents of Na,N,0, (A'B) ; 

(«) reaction of x equivalents of H^SO^ (A) on (1-aj) equivalents 
ofH.N.O.(A'). 

This analysis of the total thermal change may be expressed 
in an equation thus 

[Na»SO*Aq, H'N'O^Aq] 

= X [H'K'O'Aq, Na^O'H'Aq] - x [H^SO^Aq, Na'O'H'Aq] + [(1-a:) 

Na-SO*Aq,a;H»SO*Aq] + [ajNa«NWAq,(l - a:)H*N»0'Aq]+[(l-a;) 

H'N^O^Aq, a;HWAq] ; 
or generally 

[AB, Aq = x{ [A, B] - [A, B] ) + [ (1 - a;) AB, a;A] + [a:A'B, (1 - a:) A'] 

+ [(l-a;)A>A]. 

Thomson has determined the values of the various parts of this 
thermal change*: the following are his results: — 

I. [H»N'0«Aq, Na'O'H'Aq] = 27,234. 
IL [ffSO*Aq, Na'O^H'Aq] = 31,378. 

III. To find the value of [ (1 - a;)Na*SO*Aq, a;H«SO*Aq] we 
have these data 

[Na»SO*Aq, wH«SO*Aq] 

n observed calculated by formula (see p. 93). 

1 - 792 - 786 

I - 1,262 - 1,270 

1 -1,870 -1,834 

2 - 2,352 - 2,356 
4 -2,682. -2,750. 

J Loc. cit. 1. 99—110. 
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The approximate formula by which the numbers in column 
2 were calculated is 

[NaWAq,nH"SO*Aq] = - 3,300. 
IV. [H^N'O^'Aq, a:Na'NWAq] = - 78. 

The number — 78 is so small that this part of the change may 
be neglected. The value of the last part (e. p. 92) is also very 
small, and may safely be neglected in the final calculation. 

In addition to these data, Thomson gives the following 
measurements of the total thermal reaction under considera- 
tion : — 

n [Na'SO*Aq, nH'N"0«Aq] 

I -1,616 

I - 2,684 

1 - 3,604 

2 - 4,052 

3 -4,100. 

Hence [Na*SO*Aq, H^N'O'Aq] = - 3,504. 

107. If we now turn back to the equation on p. 92, omit 
those parts which have very small thermal values, and slightly 
alter the form of the equation for convenience sake, we shall 
have 

[NaWAq, H'N«0*Aq] 

= «([H»N»O^Aq, Na'O'H'Aq]- [HWAq, Na»0'H"Aq]) 

+ (1 - a:) j^Na'SO*Aq, H'SO'AqJ 

= -3,504. 

Substituting the observed values we have 
[Na«SO*Aq, H'NWAq] 

= a; X - 4,144 + (1 - «) FNaWAq, ^ ^ H'SO^Aql 
= - 3,604. 

If X is taken as equal to f , the equation becomes 

[NaWAq, H«N*0«Aq] = | x - 4,144 + ^ [Na«SO*Aq, 2H*S0*Aq] 
= f X- 4,144 + (J X- 2,352) 
= -3,546. 

The difference between the observed value (— 3,504) and the 
calculated value (—3,546) does not amount to more than 1-5 
per thousand of the heat of neutralisation of either acid. 
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The thermal value of the reverse actioo, that namely 
between equivalent quantities of sulphuric acid and sodium 
nitrate, may be calculated by the equation 

[Na*N^O«Aq, H WAq] 

= (l-a;)4,144+(l-a;) [^NaWAq, ^-^-^HWAqJ. 

Putting X as before equal to |, we get 
= ^ X 4,144 + (ix -2,352) 
= 597. 

The observed value of the reaction was 576 ; the difference 
between the observed and calculated values amounts to '7 per 
thousand of the heat of neutralisation of either acid. 

108. Thomson draws the following conclusions from the 
results of this investigation : — 

(i) When equivalent quantities of soda, nitric acid, and 
sulphuric acid mutually react in a dilute aqueous solution, two- 
thirds of the soda combines with the nitric acid, and one-third 
with the sulphuric acid. 

(ii) The striving of the nitric acid to saturate itself with the 
base {das Bestrehen sich mit der Basis zu sdttigen) is twice as 
great as that of the sulphuric acid. Nitric acid in aqueous 
solution is therefore a ' stronger ' acid _than sulphuric. 

The striving of the acids towards neutralisation Thomson 
calls the avidity of the acids. We shall see I think that it is 
better to employ the well-known term affinity. Thomson's 
word avidity has the same meaning as is assigned to the term 
affinity in the only working theory of affinity which has yet 
been suggested. 

109. Applying the method sketched above to the study of 
the mutual action of hydrochloric and sulphuric acids on soda, 
Thomson gets the following results : — 

[Na'SO^Aq, H'Cl'Aq] 

= aj([H*CPAq, NaWH'Aq] - [H^SO^Aq, Na^O'H^Aq]) 

+ (1 -a:)|^Na«SO*Aq, j^ffSO*AqJ . 
But [Na^O'H^Aq, H^Cl'Aq] = 27,480. 
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Hence, putting a? = |, the value of the reaction in question 
X- 3,898 + (J X -2,352) 
= - 3,382. 

The observed value - 3,364 differs from the calculated by less 
than 1 per thousand of the heat of neutralisation of either acid. 

The value of the revei^se action may be calculated from the 
equation 

[Na'Cl'Aq, H"SO*Aq] = (1 - a;) 3,898 + (1 - a:) - 2,352. 

And putting a; = f , we get 

= i X 3,898 + (J X- 2,352) 
= 515. 

Observed value = 488. 

Hence the avidity (affinity) of hydrochloric acid for soda is 
equal to that of nitric acid for the same base, and is twice as 
great as that of sulphuric acid\ 

110. The following table summarises Thomson's results 
regarding the. relative affinities of the acids examined by him. 

Relative affinities* {avidities) of acids for soda. 

Acid, Acid, 

Nitric H^N^O, 100 Oxalic HC 6, 24 

Hydrochloric H^Cl^ 100 'Orthophosphoric §H,PO, 13 

Hydrobromic H^Brg 89 Monochloracetic 2(CH,C1 . OO^H) 9 

Hydriodic HJ^ 79 Hydrofluoric H^F 5 

Sulphuric H.SO, 49 Tartaric H.C^H^O, 5 

Selenic H^SeO, 45 Citric i^^^^Pi ^ 

Trichloracetic 2(CCl3 . CO,H) 36 Acetic 2H^C,0, 3 



Section IV. Classification of elements and compounds. 

111. The existence of a definite periodic connection 
between the heats of combination of various elements with 
chlorine, bromine, and iodine, and the atomic weights of these 

^ Thomsen, Zoc. cit, 1. 116. 

2 See further, post. Chap. v. pars. 225—231. 

3 Taken from a table in Meyer's Die Modemen Theorien der Chemie^ p. 489 
(4th Ed). The number given by Thomsen (loc, cit, 1. 308) is calculated for 
H3PO4, a quantity of the acid which is not equivalent to H2SO4. 
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elements, appears to have been first pointed out by Camelley*. 
Laurie' again drew attention to the subject and exhibited the 
connection in question in a more striking manner by means of 
a curve. 

The following graphic representation, shewing that the heat 
of combination with chlorine of about thirty elements varies 




periodically with the variation of the atomic weights of these 
elements, is based on data taken from Thomson's Untei^suchungen, 
The quantities of heat evolved in the reaction [M, CI] are 
stated in kilogram-units, calculated in each case for the 
combination of one equivalent of chlorine in grams. The 
numbers are not in every case quite comparable, but the 
general character of the connection in questioB is beyond 
dispute. A broken line indicates want of data. 

112. The relations existing between the members of a group 
of elements are sometimes summarised in the thermal values 
of comparable reactions undergone by these elements. Thus 
taking Group II, according to the arrangement of the elements 
by help of the periodic law^y we have 

Series. 



Group II. 



4 6 8 
Ca Sr Ba 
atomic weights 40 87 137 



3 5 7 9 11 
Mg Zn Cd - Hg 
24 65 112 - 200. 



1 Proc, R, fif. 29. 190. » p^n^ ^ag, (6). 15. 42. 

* The student is supposed to be acquainted with the teachings of this law. 
The subject is fully discussed in my Principles of Chemistry^ Chap. iii. 
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Then tabulating the thermal values of some analogous 
reactions we have this result : — 

[M, 01", Aq] [M, Br«, Aq] [M, P, Aq] 

Ca 187,600 165,800 135,300 

Sr 195,700 173,800 143,400 

Ba* 196,300 174,400 144,000 

Mg 186,900 165,000 134,600 

Zn 112,800 90,900 60,500 

Cd 96,300 74,400 44,000 

Hg 59,900 ? 

These data shew that the thermal value of the change 
[M, X', Aq] increases as the atomic weight of M increases, when 
M is a metal of an even series belonging to Group II ; but 
decreases as the atomic weight of M increases, when M is a 
metal belonging to an odd series of the same group. 

The difference between the values of \M, X\ Aq] for each 
pair of metals is nearly constant. 
Thus, 







x=a 


X = Br 


X = l 


Ba- 
Sr- 
Ca- 


Sr = 
Ca = 
Mg = 


600 
8,100 
700 


600 
8,000 
800 


600 
8,100 
700 


Mg- 
Zn- 
Cd- 


Zn = 
Cd = 
Hg = 


74,100 
16,500 
36,400 


74,100 
16,500 
1 


74,100 
16,500 



113. The relations existing between change of atomic 
weight and change of the thermal values of analogous chemical 
operations are well exhibited by comparing reactions of the four 
metals, magnesium, calcium, strontium, and barium. 

The following data are taken from Thorasen*s book' : — 

M [MO,H»0] [WH',Aq] [MC1«,6H«0] [MBr«,6ffO] 

Mg 3,000(1) 32,970 

Ca 15,540 2,790 21,750 25,600 

Sr 17,700 11,640 18,640 23,330 

Ba 22,260 12,260 7,000 9,110 

[BaCl',2H»0] [BaBr^2H^0} 

* Thomsen, loc, cit, 3. 656—563. 
M.Y C. 7 
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[MN«0',Aql [M,XT [M,0«,SOT [M,0,WAq] 
X = C1 X = Br 
Mg - 151,010 - 231,230 176,480 

Ca 3,950 169,820 140,850 247,290 177,160 

Sr -4,620 184,550 157,700 259.820 185,410 
Ba -9,400 194,740 169,960 ♦266,990(1) ♦187,020(?) 

fM,0] [M,0,H»0] 

J^g 146,000 148,960 

Ca 130,930 146,470 

Sr 128,440 146,140 

Ba ♦124,240(?) ♦146,500(1) 

These numbers, taken along with a few others given by 
Thomsen (loc. cit), shew that as the atomic weight of the metal 
increases, in similar compounds of Mg Ca Sr and Ba, there 
increases also ; — 

(i) The quantity of heat evolved in the production of 
MOH,0 from MO ; and in the production of MCI, and MBr^ 
from metal and halogen. 

(ii) The solubility of the hydrated oxides in water, and 
the value of the heat of solution of these compounds. 

(iii) The heats of formation (from metal, oxygen, and 
acid radicle) of the nitrates and sulphates. 

The data also shew that increase iu the value of the atomic 
weight of the metal is accompanied by decrease of ; — 

(i) The value of the heat of formation of MO from metal 
and oxygen. 

(ii) The value of the heat of hydration of the chlorides, 
bromides, and nitrates. 

(iii) The solubility of the same salts in water. 

The values of the heats of formation of the hydrated oxides, 
from metal, oxygen, and water ([M, O, H*0]) seem to be nearly 
independent of the atomic weight of the metal. 

If data similar to the above are tabulated for the alkali 
metals, it is seen that the generalisation stated for the alkaline 
earths holds good for the alkali metals also \ 

* The nnmbers marked thus are doubtful because the barium used was not 
free from impurities. 

1 See Thomsen loc. cit, 3. 664—5. 
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114. In comparing the losses or gains of energy, as 
measured by thermal methods, which accompany transformations 
of matter, we frequently find much difficulty in selecting 
chemically comparable operations. Suppose we wish to com- 
pare the heats of formation of the oxides of phosphorus and nitro- 
gen ; we are presented with the following data (Thomsen) : — 

Phosphorus. Nitrogen. 
[P», O, Aq] = 74,520 [N', O, H'O] = - 30,920 

= 83,353 2,273 

=81,100 [^^^y 5,964. 

Each number represents the thermal value of the combina- 
tion of 16 grams of oxygen with phosphorus or with nitrogen. 
Which values are really comparable ? Suppose we are desirous 
to compare the heat of oxidation of bismuth with the heats of 
oxidation of phosphorus and nitrogen ; we have the number : 

=45,913. 

We can scarcely compare this with 

83.440. 

Bismuthous oxide is insoluble, phosphorous oxide is very 
soluble, in water. 

It may be said that the heats of formation of the highest 
oxides should always be selected for comparison. If this rule be 
adopted what shall we say to the following numbers ? 

[Mn,0,H»0] = 94,770, but = 58,165 ; 

[Sn, O, ffO] = 68,090, and j = 67^750 ; 

[C, O] = 29,000, but p2-'] = ^^'^^^ > 

[Hg*, O] = 42,200, but [Kg, O] = 30,670. 

One oxide is sometimes a solid, another is liquid or gaseous^ 

7—2 
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under the given experimental conditions: or the element to be 
oxidised is itself a solid and the products are liquids or gases. 
Even if we seek to compare heats of formation in dilute 
aqueous solutions, we find that the numbers are not always 
strictly comparable ; in one case the water exerts little or no 
chemical action on the oxide, in another case the chemical 
action of the water is more marked than the physical action. 

115. In attempting to apply thermal methods to the 
classification of the elements it is probably best to compare the 
thermal values of operations, e.g. the action on water or on an 
acid, wherein various elements act in a similar manner. In some 
cases it is expedient to compare diflferences between the heats 
of formation of two series of compounds. 

Let us look at some examples of both methods. 

116. Let us compare the diflferences between the heats of 
formation of corresponding oxides and chlorides of various 
metals and non-metals \ 



M 


[M,C121-[M,0] 


M 


[M,C1T-[M,0,H20] 


M 


LM2,C1«]-[M2,0»,3H«0] 








73,240 


Au 


19,610 




95,620 




60,000 


Fe 


310 


Tl, 


54,920 




51,690 


Al 


-22,320 


Ag. 


52,860 


Ba 


48,240 








40,350 


Sr 


38,410 








24,940 


Ca 


23,450 


Bi 


43,520 


Ba 


70,500 


Mg 


3,050 


Sb 


15,360 


Sr 


56,110 


Mil 


17,220 


As 


-11,910 


Ca 


38,990 


Zn 


14,530 


P 


-99,720 


Pb 


32,470 


Fe 


13,770 




Hg 


32,490 


Co 


13,690 






Cu 


14,470 


Ni 


13,080 










Cu 


14,110 










Cd 


27,560 










Sn 


12,700 







M 


[M, Cl*]-[U,0^,2W'0] 


M 


[M,C14]-[M.03,H201 


Sn 


- 6,240 


Te 


200 


Ti 


"38,330 


Se 


- 10,920 


Si 


- 48,720 






c 


-74,610 







1 Thomsen, loe. cit 3. 531— 53^. 
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101 



M 



[M«,C1W]-[M>,0»,8H«0] 



Sb 
P 



- 19,040 
-190,H0 



"When chemically aDalogous compounds are compared, it 
appears that the difference between the heat of formation of 
the chloride and that of the corresponding hydroxide is smaller, 
the smaller the atomic weight of the positive element.*' 
(Thomson.) 

The difference in question is seen to have a positive value 
in the cases of metals, with the exception of titanium, aluminium, 
and tin in its highest compounds; and to have a negative 
value in the cases of non-metals, with the exception of bismuth, 
antimony in its lowest compounds, and tellurium. Now alu- 
minium hydroxide exhibits feebly aci(l properties, and the 
higher hydroxides of titanium and tin form fairly marked 
metallic derivatives ; on the other hand the reactions of the 
salts of bismuth shew that this element is rather to be classed 
with the metals than with the non-metals; antiihony stands 
midway between metals and non-metals, and in some of its 
reactions tellurium shews analogies with metals. 

117. Now let us examine the thermal phenomena pre- 
sented by the action of various elements on water, and on some 
acids, with the view of classifying these elements \ 

The products of the decomposition of water by metals are 
in many cases an aqueous solution of the hydroxide of the 
metal, and hydrogen ; e.g. 

Na, + xBifi = 2]SraOHAq + (x-2) Ufi + H,. 
This reaction would be represented in thermal formulae as 
[Na', Aq] = - 2 [H^ O] + [Na^ O*, Aq]. 

If R = Lig, Naa, Kg &c. or Ca, Ba, Sr &c. the general thermal 
equation representing the mutual action of these metals and 
water will be 

[R, Aq] = - 2 [H«, 0] + [R, 0', , Aq], 

Now the value of 2 [ff, 0] is 136,720 when H,0 represents 
, liquid water. 



1 Thomsen, loc. cit, 3. 542—549. 
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The following are the values given by Thomsen for the 
reaction [R, O', H", Aq]' 

R [R,0',H',Aq] 

Li. 234,880 

Na, 223,620 

K, 232,920 

TL 107,520 

Ca 217,620 

Sr 226,140 

Ba 227,120. 

In some cases the products of the mutual action of metal 
and water are metallic oxide and water, e.g. 

Fe^ + ficH^O = Fe,0^ + 8H + (a - 4)H.O. 

This reaction would be represented thermally as 
[Fe*, Aq] = - 4 [H», O] + [Fe«, O*]. 

If w« wish to compare the action of various metals on water 
from the thermal point of view we ought to tabulate the thermal 
values of the reactions which actually occur. Unfortunately 
the data are not sufficient. But let us assume that the 
products of the action of water Bttd various metals are ROHgO 
and H, ; then we may express these acilk»s thermally by the 
general formula 

[R, 2H»0] = - [H', O] + [R, O, H'OJ. 

If the value of [R, 0, H*0] is considerably greater than the 
value of [ff, 0] we may conclude that the metal R will 
probably decompose liquid water. Thomsen gives these data': — 

R [R,0,ffO] R [R,0,H'0] 

Mg 148,960 Co 63,400 

Mn 94,770 Ni 60,840 

Zn 82,680 Cu 37,520 

Su 68,090 Pd 22,710 

Fe 68,280 Pt 17,880. 

Cd 65,680 

Now as [H", 0] = 68,360, it follows that magnesium, man- 
ganese, and zinc will probably decompose liquid water without 
the addition of heat, whereas we should expect tin and iron to 
decompose hot, but not cold, water. If HgO represent gaseous 
water then [H*, O] = 58,000 ; hence, following the foregoing 

1 Loc. cit, 3. 513. 2 i^c, ciL 3. 513. 
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line of argument, it is likely that steam will be decomposed by 
cadmium, cobalt, and nickel in addition to the metals already 
enumerated. The metals in the first table on p. 102, except 
thallium, ought to decompose cold water with evolution of much 
heat; thallium we should expect would not decompose water even 
in the form of steam. 

118. There are two objections tp the use of this kind of 
argument. 

In the first place, the reactions for which thermal values are 
assigned are in many £jases not those reactions which actually 
occur. In order to classify a given metal as one which would or 
would not decompose water under specified conditions, we must 
have more information than purely thermal data can give us : we 
must know the general chemical analogies of the given metal; we 
must know the thermal values of the action on water of the analo- 
gues of this metal; and we must know the quantities of heat evolved 
or absorbed during various reactions any of which may possibly 
occur during the mutual action of the given metal and water. 

In the second place, even if the given thermal data really 
represent the values of reactions which actually occur, and 
which are strictly comparable, yet these data do not take into 
account the many physical circumstances which modify the 
occurrence of the primary chemical change. If the product 
of the action of a metal on water is easily soluble in water, 
and the product of the action of another metal is insoluble 
or only slightly soluble, the mutual action between water 
and the second metal will occur much more slowly than 
that between water and the first metal, although the quantity 
of heat evolved in either reaction may be nearly the same. 
Again the state of division of the metal will largely influence the 
action in question. Thus ordinary zinc decomposes water very 
slowly, but zinc powder much more rapidly; magnesium acts very 
slowly on water, but magnesium-amalgam quickly decomposes 
water although there is a considerable evolution of heat during 
the formation of the amalgam from magnesium and mercury. 

119. If the heat of formation of a metallic oxide is only a 
little greater than that of the formation of water, the course of 
the chemical change which occurs when the given metal reacts 
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on hot water, or steam, will be largely conditioned by changes 
in the relative masses of water and hydrogen. Thus iron 
decomposes steam forming ferroso-ferric oxide and hydrogen, 
but this oxide is reduced by hydrogen with production of iron 
and water. The direction in which this change shall proceed, 
at- any specified temperature and pressure, depends upon the 
relative masses of steam and hydrogen which are present. 

120. In order to compare the actions of metals on each of 
the three acids, hydrochloric, hydrobromic, and hydriodic, we 
may tabul^^te the diiferences between the heats of formation of 
metallic chlorides and hydrochloric acid, bromides and hydro- 
bromic acid, and iodides and hydriodic acid respectively. The 
results are presented in the following table*: — 

R [R,C1T-[H2,C12] R [R,Br3]-[Ha,Br2] R [R, P] - [H», !«] 



^• 

Ba 
Sr 
Ca 
Mg 
Mn 
Zn 
Fe 
Co 
Ni 
Cu 
Cd 
Pb 
Sn 
Hg 
*A1. 



167,220 
151,380 
143,620 
53,160 
38,550 
21,750 
14,760 
-32,380 
150,740 
140,550 
125,820 
107,010 
67,990 
53,210 
38,050 
32,480 
30,530 
7,630 
49,240 
38,770 
36,790 
19,160 
63,320 
20,030 
- 28,790 
19,620 



Tl, 

Au, 
£a 
Sr 
Ca 



Zn 



Cu 
Cd 
Pb 



Hg 



182,180 
163,100 

74,150 
59,850 
41,480 
36,960 
-8,604 
161,520 
149,260 
132,410 



67,490 



24,140 
66,760 
56,010 

42,110 
71,373 



TI, 

Cu^ 



Zn 

i 



Qd 
Pb 



Hg 

iAi, 



166,296 
144,196 

66,396 
54,476 
38,556 
33,636 
-5,004 



55,266 



54,866 
45,836 

40,346 
52,963 



Looking at these data purely from the thernaal point of 
view, the conclusion seems to be that every metal ih the table, 
1 Data from Thomsen. 
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with the single exception of gold, ought to decompose gaseous 
hydrochloric, hydrobromic, or hydriodic acid, with production of 
a chloride, bromide, or iodide. Silver and mercury however do 
not effect the decomposition of gaseous hydrochloric acid* 

121. The action of metals on aqueous solutions of the 
three acids under consideration is somewhat different from that 
of the same metals on the gaseous acids. The heats of formation 
of aqueous solutions of the acids are these : — 
[H», Cl», Aq] = 78,360 ; [H*, Br«, Aq] = 56,752 ) [H«, P, Aq] = 26,342. 

When the value of the change [R, Z", Aq] is greater than 
79,000 X, being = 01,, greater than 57,000 being = Br,, or 
greater than 27,000 being = I,, then the metal R will 
probably decompose a dilute aqueous solution of hydrochloric, 
hydrobromic, or hydriodic acid. 

Thomson gives these numbers : — 



R [R, 01', Aq] 

Tl. 76,960 

Pb 75,970 

Cu 62,710 

Hg 59,860 

^Au, 4,545. 



Thomson also says that [R, CI', Aq] < 79,000 when R = Pt 
or Pd. For the other metals enumerated in the table on p. 104 
the value of the reaction in question is greater than 79,000. 
Now thallium, lead, copper, mercury, gold, platinum, and 
palladium do liot decompose a dilute aqueous solution of 
hydrochloric acid. But [H", CP, xKfil becomes less the smaller 
the value of x\ in other words, a concentrated aqueous solution 
of hydrochloric acid contains more energy than a dilute solution 
of the same acid. For the most concentrated solutions, 
[ff, CP, Aq] is approximately equal to 69,000 ; such a solution 
is decomposed by lead. 

The quantities of heat evolved when the alkali or alkaline 
earth metals, magnesium, manganese, zinc, iron, nickel, cobalt, 
or copper, react on dilute aqueous hydrobromic or hydriodic acid, 
are the same as when these metals react on dilute hydrochloric 
acid. The metals in question readily decompose dilute aqueous 
solutions of hydrobromic or hydriodic acids. 



1 
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The difference [R, X\ Aq] - [H», X\ Aq] is greater when 
X, = Br, than when X, = CI,, and is again greater when 
X, = I, than when X, = Br,, provided R is Tl,, Pb, Cu, Hg, or 
Cd. As regards the action of metals on the three acids in 
question in aqueous solution, cadmium is to be classed with the 
heavy metals lead, mercury, copper, and thallium. 

Thomsen gives the following numbers as representing the 
quantities of heat, evolved, per 2 grams of hydrogen formed, by 
the action of certain metals on dilute aqueous solutions of any of 
the three acids hydrochloric, hydrobromic, or hydriodic : — 

Mg ^ 108,300 ; Al = 79,920 ; Mn = 49,370 ; Zn = 34,210 ; 
Fe = 21,320; Co = 16,190; Ni = 15,070; Sn = 2,510. 

These numbers fairly represent the relative intensities of 
the action of the metals enumerated. 

122. The thermal data concerning the action of metals on 
sulphuric and nitric acids may be treated in a manner similar to 
that adopted in the preceding paragraphs. The general result 
of such an investigation, so far as the classification of metals is 
concerned, may be stated thus* : — 

Thallium, cadmium, mercury, nickel, cobalt, iron, manganese, 
and zinc should piobably decompose dilute sulphuric acid with 
evolutkm of hydrogen ; the action in the case of thallium being 
very slow. 

Silver and copper should probably not decompose the dilute 
acid. 

Any metal which decomposes a dilute aqueous solution of 
sulphuric acid with evolution of hydrogen will probably decom- 
pose a concentrated solution of the same acid, at certain conditions 
of temperature, with production of sulphur dioxide and sulphu- 
retted hydrogen. 

The nature of the action of copper, mercury, and silver on 
nitric acid is probably different from that of the action of other 
heavy metals e.g., zinc, magnesium,cobalt,iron,nickel,manganese, 
and cadmium. The gaseous products of the action of copper, 
mercury, and silver are probably to be regarded as the results of 
direct deoxidation of the acid by the metal; the gaseous products 

^ For details see Thomsen loc. cit, 3. 647—549; or my Principles of Chemistry 
270—273. See also Naumann's Thermochemie 477—482. 
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of the action of zinc, iron, cobalt, &c., are probably, for the most 
part, the results of secondary changes occurring between the 
acid and hydrogen produced in contact with the acid by the 
primary action of the metals in question. 

1 23. If one might venture to found a broad generalisation on 
the thermal data regarding the action of acids on the heavy 
metals, one might say that mercury and copper are very 
distinctly cut off from the other metals, and that lead and 
thallium shew closer analogies with mercury and copper than 
with the other metals which have been considered. 

124. The application of thermal data to the classification of 
compounds has been fairly well illustrated by the considerations 
put forward in pars. 77—101 concerning the neutralisation of 
acids and bases. 

A knowledge of many thermal data is certainly helpful to one 
who wishes to classify elements and compounds ; but a satisfac- 
tory classification cannot be based on such data only. We wish 
to connect changes of energy with changes of chemical configu- 
ration. We are still for the most part obliged to interpret the 
latter changes apart fix)m any precise theory of their mechanism. 
If we use the terms molecule and molecular actions in speaking 
of chemical changes in solids and liquids, we employ these terms 
m A wider and less precise sense than when we apply them to 
gases and gaseous phenomena. 

The data given in Appendices i, iii, and v present most of the 
material available for the thermochemical classification of elements 
and compounds. 
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APPLICATIONS OF THERMAL METHODS TO THE STUDY 
OF PHENOMENA PARTLY CHEMICAL AND PARTLY PHYSICAL. 

125. The phenomena hitherto considered }iave all presented 
physical as well as chemical aspects, but the point of view from 
which they have been regarded has been ^s far as possible 
chemical. We come now to the consideration of certain groups 
of phenomena which must be studied fronj' the physical stand- 
point if we wish to grasp their meaning as chemical occur- 
rences. 

Section I. Melting, Boiling^ Evaporation. 

126. When energy in the form of heat is added to a piece of 
cold ice, the temperature of the ice increases up to a certain point 
at which the ice is changed into water. But, provided the heat be 
added slowly and the pressure remain constant, the temperature 
of the water remains the same as that of the ice until the whole of 
the ice is melted. The temperature at which this change occurs 
is called the melting point of ice. Every solid has a definite 
melting point. 

127. If, after ice has been melted, heat is continuously added 
to the water which has been produced, the volume of this water 
increases and its temperature rises until a temperature is 
reached whereat the water is rapidly changed into steam. If 
the pressure remains constant, and the heat is slowly added to 
the water, the temperature of the steam remains the same as 
that of the water until the whole of the water has been 
converted into steam. Water becomes water-vapour at any 
temperature and pressure; but for any pressure there is a fixed 
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temperature, called the boiling point, at vrhich this change 
proceeds rapidly. If a little water is placed in an exhausted 
receiver the water quickly evaporates, until the pressure of the 
vapour in the receiver reaches a certain definite amount, when 
the evaporation ceases. If now the temperature of the water 
and vapour is increased, more water becomes vapour, and there- 
fore the pressure of the vapour on the free surface of the water 
increases. If the temperature is lowered, some of the vapour 
becomes water, and the pressure of the vapour on the free surface 
of the water is decreased. 

For every temperature, then, there is a definite amount of 
pressure exerted by the vapour of the water ; this is called the 
vapour-pressure* for that temperature. 

At each temperature, pressure being constant, there is equi- 
librium between the water and the vapour of water above it. 
When such equilib^um exists the vapour is said to be saturated 

The boiling poii^t of water (or of any liquid) is the tempera- 
ture of the saturated vapour of the water (or of the liquid) when 
its pressure is equal to the pressure on the free surface of the 
water (or liquid). 

128. When heat is added to steam the volume of the steam 
is increased, and its temperature rises, until a temperature is 
reached at which chemical change begins, change, viz., of water- 
gas into the two elementary gases hydrogen and oxygen. If 
heat is continuously added, the temperature continues to rise, 
and the chemical change proceeds more and more rapidly, until 
about half of the total mass of water-gas is chemically changed, 
after which the process of change proceeds more slowly, tempe- 
rature still increasing, until the whole of the water-gas has been 
changed into oxygen and hydrogen. 

The temperature at which this change begins in the case of 
water-gas is very high, but a similar change can be eflfected in 
many other compound gases at much lower temperatures. Thus, 
gaseous amylic bromide begins to separate into its constituents, 
amylene and hydrobromic acid, at a temperature of 165". 

The change brought about by the action of heat on water-gas 
at high temperatures, or on amylic bromide at lower tempera- 

^ Frequently, but erroneously, called vapour-tension. 
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tures, is called dissociation. The foregoing sketch indicates 
that there is a more or less well-marked connection between the 
phenomena of evaporation and dissociation. This connection 
will be discussed later on. (See pars. 136, and 145 — 152.) 

129. Melting. In order to change a given mass of a solid 
at a specified temperature into the same mass of liquid at the 
same temperature, pressure being constant throughout the 
change*, a definite quantity of heat must be added to the body. 
This quantity of heat is called the heat of liquefactioriy or heed of 
fusion, or lai&at heat, of the solid'. 

The value of the heat of liquefaction of a body may be 
determined by bringing equal masses of the body, at definite 
temperatures, one above and one below the melting.point, into a 
calorimeter containing a definite amount of some liquid which 
dissolves the given solid, and measuring the quantities of heat 
produced during each process of solution. As in each case the 
final state of the system is the same, and as the only diflference 
between the initial states is that one system is solid and the 
other liquid, the diflference between the quantities of heat 
produced (or absorbed) in the process measures the quantity of 
heat which must be added to the initial solid system to cause it 
to pass into the initial liquid system. 

The following data will serve as examples of the application 
of this method : — - 

Hydrated salphario acid. Heat of solution in water. 
Bolid [H»SO*H»0, 400H'O]= 7,120; 
melUd [H'SO'ff 0, 400^0] = 10,800 ; 
.-. heat of liquefaction of solid H^SO^HjO = - 3,680 gram-units, 
Hydrated sodiam cbromate. Heat of solution in water. 
solid [Na'CrOnOH'O, Aq] = - 15,800 ; 
mdied [Na'CrOnOH'O, Aq]= - 3,490; 
hence, heat of liquefaction of Na^CrO^lOHjO = - 12,310 units. 

130. The heat of liquefaction of a solid compound repre- 
sents the number of gram-nnits of heat required to convert the 
mass of the solid expressed by its chemical formula, taken in 

1 The subject of the connection between change of pressure and change of 
melting point does not come within the province of this book. We may regard, 
the melting point of a solid as independent of moderate changes of pressure. 

« The term lieat of liquefaction is here used as excluding heat of solution. 
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in grains, into the same mass of liquid, without change of 
temperature or chemical composition. Very generally however, 
in such calorimetrical determinations as those just stated, th^ 
heat of solution of the solid compound is determined at the 
ordinary temperature (15 - 20°) ; in these cases the value 
given for the heat of liquefaction really represents the quantity 
of heat required to raise the specified mass of the solid from 
the stated temperature to the melting point, in addition to the 
quantity of heat required to melt the solid. 

131. When a hydrated salt is melted, quickly cooled, and 
at once dissolved in water, the heat of solution is, as a rule, less 
than the number observed by dissolving the solid in water 
without previous melting and re-solidification. If the melted 
solid is cooled slowly, the heat of solution is usually unchanged 
by the process which the body has undergone. It is probable 
that the process of melting lessens the mutual attractions 
between the particles of the solid, and if the body is dissolved 
before these particles have settled down again into their 
original configurations less work is required to effect solution 
than is needed when the original state of the solid has been 
completely restored \ 

132. OstwahP has attempted to measure the amount of 
chemical change which occurs when two solid salts are fused 
together, by determining the heats of solution of the individual 
salts, and of the mixed salts, before and after fusion. Inasmuch 
as Ostwald observed that a change in the heat of solution 
sometimes accompanied fusion, when no chemical action between 
the salts, of the nature of double decomposition, was possible', — 
e.g. K^COg and NaaCOg, or Na^COg and Na2S04, — he insists on 
the necessity of arranging the experimental conditions so that 
change of heat of solution must be due to the occurrence of 
chemical action between the salts. If one of the two salts used 
is insoluble this condition is realised, inasmuch as the heat of 
solution of this salt remains equal to zero throughout the 
experiment. 

1 See Nicol. Phil Majj, (5) 15. 95. 
* J.furprakt. Chemic, (2) 25. 1. 

' In such cases Ostwald supposes that double salts are produced by the fusion. 
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The foUowiog numbers will illustrate the method : — 

(a) 1*835 grains of a mixture, in equivalent quantities, of 
BaSO, and K.CO^ 

(i) Heat of solution before fusion = 6,260 units +, 

(ii) „ 7f a^ter „ =5,210 „ 

(b) 1*835 grams of a mixture, in equivalent quantities, of 
BaCO, and K,SO^. 

(i) Heat of solution before fusion = 6,460 units — , 

(ii) „ „ after „ =5,460 „ 

Inasmuch as the heat of solution after fusion is in each case 
practically the same, it follows, according to Ostwald, that the 
composition after fusion is the same, whether the original 
mixture consist of BaS04 and K^COg, or of K2SO4 and BaCOs. 

Now the complete decomposition of the barium sulphate 
into barium carbonate would have changed the heat of solution 
from 6,260 + to 6,460 - , i.e. would have been accompanied by a 
decrease of 12,720 units. But the actual change was from 
6,260 + to 5 210 — , i.e. there was an observed decrease of 
11,470 units. Hence, Ostwald concludes, the chemical change 
11 470 

spread throughout -^2*120 " P®^ cent, of the total mass*. 

133. The melting points of many solids have been deter- 
mined by direct thermometric observations independently of 
the method based on measurements of the heats of fusion and 
solution'. 

134. A few generalisations have been ventured on respecting 
the connections which undoubtedly exist between the melting 
points and the chemical composition of bodies. These gene- 
ralisations are wide and somewhat vague; they must be 
employed with much caution. 

The principal generalisations are two : — 

I. In a homologous series of carbon compounds, those 
compounds which have an even number of carbon atoms in 
their molecules melt at a higher temperature than the neigh- 

1 For more details see Ostwald, loc. cit. 

2 See especially Carnelley, G. S, Journal, 14. 489 ; 16. 365 ; Trans, for 1878, 
273 ; Trans, for 1880, 126. See also for collected data Camelley's Tables of Melting 
and Boiling Points (1885). 
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bouring compounds with an odd number, of carbon atoms 
in their molecules. 

II. Of any number of isomeric carbon compounds, that one 
in the molecule of which the atoms are ' most symmetrically 
and compactly ' arranged has the highest melting point. 

The following formulae and melting points serve to illustrate 
the second generalisation ; everything of course depends on the 
meaning attached to the phrase ' symmetrically and compactlj 
arranged V 



CompouTUL 

/ (1) normal pentane 
05H,gJ(2) iso-pentane 

((3) tetramethyl-methane 

/ (1) normal octane 
03Hjg<(2) iso-octane 

((3) hexmethyl-ethane 0,(0H3), 

Melting points of diderivcUives of benzene C^H^XX, 



Structural formula, 

CH.(CH.).CH. 
OH (OH.). OH, CH. 
C(CH.). 

OH.(CH.),CH. 
CH(CH.).(CH.).OH(OH,), 



Melting 
point. 

liquid. 

liquid. 

—20^ 

liquid, 
liquid. 
96-97°. 



X 



X 
I : 4 



X 



1 : 3 

Melting points. 



X 



1 : 2 



X 



(0.) 



Formula. 

C,H,.C1.C1 

0,H Br.Br 

C,H^.OH.00.H 

C,H,.C1.I 

C.H,.N0..C1 

C.H,.NO,.Br 

C.H^.NO.NH. 

c.h,.ch',.oh. 



135. Boiling, The boiling point of a liquid, as we have 
already learned, is that temperature at which the pressure of 
the saturated vapour of the liquid is equal to the pressure on 

^ See for data and more details, Carnelley, Phil, Mag, (5) 13. 110. 
M. T. C. $ 



53° 


nq.at-18° 


liq.at-14° 


89 


-28 


-1 


210 


200 


156 


56 




liq. 


83 


44 


32 


126 


56 


41-5 


146 


110 


71 


15 


liq. 


liq. 



derivatives. 



Digitized by Google 



114 APPLICATIONS OF THERMAL METHODS. [CHAP. IV. § 136 

the free surface of the liquid. As this temperature necessarily 
depends on the pressure, the statement of the boiling point of a 
liquid must be accompanied by a statement of the pressure at 
which this temperature is determined. If no special pressure 
is specified, the normal pressure, viz. 760 mm. of mercury, is 
understood. 

In order to change a given mass of liquid at a specified 
temperature into the same mass of vapour at the same tem- 
perature, a definite quantity of energy in the form of heat must 
be imparted to the liquid. This quantity of heat is called the 
heat of vaporisation of the liquid, or sometimes the latent heat 
of the vapour. 

Inasmuch as a liquid is vapourised to some extent at all 
temperatures, it follows that the heat of vaporisation of a liquid 
varies according to the temperature at which the change from 
liquid to vapour occurs. Thus, to convert 1 gram of water at 100® 
into 1 gram of saturated steam at 100^ 536*5 gram-units of heat 
must be added to the water; but to convert the same mass of water 
^t 0® into the same mass of water- vapour saturated at O^it is 
aecessary to add 606*5 gram-units of heat to the water\ 

136. When heat-energy is added to a liquid, and the liquid 
is thereby changed into vapour, we know that the energy is not 
present in the vapour in the form of heat. But we also know 
that the energy may be regained in the form of heat by 
causing the vapour to pass again into the state of liquid. 
What becomes of the energy meanwhile, or in what form it 
exists in the vapour, we do not know. But the molecular 
theory of matter supplies us with the outlines of a feasible 
hypothesis. 

This theory regards the molecules of a gas as being in 
continual motion. Although a value is ascribed to the average 
velocity of all the molecules in a given volume of a gas, yet thie 

^ Methods for determining boiling points are described in most text books 
on heat. For special methods and apparatus see Berthelot, Micanique Chimique, 
1. 287. Bunte, Anmlen, 168. 139. L. Meyer, ibid, 166. 303. P. T. Main, 
Chem. News, 35. 59. H. C. Jones, C. S, Journal, Trans, for 1878. 176. Camelley 
and Williams, C. S. Journal, Trans, for 1878. 281. Tables of boiling points will 
be found in the various articles on Heat in Watts's Dictionary and supplements ; 
also, very fully, in Carnelley's Tables of Melting and Boiling Points^ 



Digitized by Google 



SECT. I. § 136.] HEAT OF VAPORISATION. 



116 



velocity of many individual molecules must very considerably 
exceed the average velocity. The small particles which build 
up any portion of a liquid are also regarded by the molecular 
.theory as being in contmual motion. The average velocity of 
these particles, according to the theory in question, is consider- 
ably less than that of the molecules of a gas, but at the same 
time the velocity of some of the particles may be as great as, or 
greater than, the average velocity of the molecules of the gas 
which is produced by adding heat to the liquid. If any of these 
quickly moving particles of a liquid arrive at the surface while 
they are moving away from the liquid, they will fly off from 
the free surface of the liquid into the outside space. Addition 
of heat to the liquid will increase the average velocity of the 
liquid particles, and hence will increase the velocity of some of 
the individual particles ; the chances that a number of particles 
should be found, at any specified time, at the surface of the 
liquid, moving in a direction away from the liquid, will also be 
increased. Hence the addition of heat-energy will increase the 
rate at which the liquid passes into the state of vapour. i 

On this view of the mechanism of vaporisation, part of tab f 
energy which is added to the liquid in the form of heat is usel^ 
in separating the complex particles of the liquid into less complex'^ 
particles of the vapour, and part exists in the vapour in the form 
of energy of the particles which compose that vapour. 

While this process is occurring, some of the molecules of the 
vapour will be driven against the surface of the liquid and will 
be entangled therein. Some of the vapour, that is to say, will 
be condensed. The greater the density of the vapour, the greater 
the amount of condensation that must occur in a given time. 
When the vapour is so dense that as many molecules of vapour 
pass into the liquid as particles of liquid pass into the vapour, 
in a specified time, then the vapour is saturated. 

But, according to the molecular theory, evaporation is still 
proceeding; only it is exactly balanced by the process of 
condensation. At the temperature at which the vapour is 
saturated, for a given pressure, the theory asserts that there is 
as much condensation of vapour as evaporation of liquid in a 
specified iime\ 

I See Clerk MaxweU, Theory of Heat, pp. 323-4 (6tli Ed.). 

8—2 
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Moreover, as we shall learu in a subsequent chapter, there is 
a considerable amount of evidence in fieivour of the view that 
the particles of liquids, or at any rate of many liquids, are built 
up of groups of molecules, (see definition of molecule in chap. 
L par. 27). It is possible that the particles of a chemically 
homogeneous liquid are of diflferent degrees of complexity, 
although so many particles may be of the same degree of 
complexity that we are justified in speaking of the liquid as a 
homogeneous whole. 

If this view is accepted, then a portion of the heat-energy 
which is added to a liquid during the process of vaporisation 
is used in separating the more complex into less complex groups 
of molecules, and also in separating what we have called the 
particles of the liquid, which on this view of the subject are 
themselves groups of molecules, into the true gaseous molecules 
which compose the vapour obtained by heating the liquid. 

137. The boiling point of a mixture of two liquids which 
are not mutually miscible, e.g. benzene, or nitrobenzene, and 
water, is that temperature at which the sum of the pressures of 
the two vapours is equal to the pressure on the free surface of 
the liquids. Hence if such a mixture is distilled, e.g. if benzene 
is distilled in a current of steam, the ratio between the quantities 
of the two liquids in the distillate is constant, and is equal to 
the ratio of the products of the density and the pressure of each 
vapour at the boiling point\ 

138. It is found that the boiling point is not constant in 
the case of a mixture of two liquids which are miscible in all 
proportions but between which no chemical action occurs, and 
also that the composition of the vapour obtained by heating 
such a mixture of liquids varies in accordance with variations 
of temperature. Thus, when a mixture of carbon disulphide and 
benzene in varying proportions is distilled, the boiling point 
varies, and the ratio of the quantities of these two compounds 
in the distillate, at any specified temperature, is not the same 

1 See A Naumann, Ber. 10. 1421, 1819, 2014, and 2099, (see also Watts's 
Diet. 3rd 8upp. 948). Thorpe, C, 8. Journal, Trans, for 1879. 544. Pierre and 
Perchot, Compt rend, 78. 599 ; 74, 224. Magnus, Pogg* Ann, 88. 488. 
BCgnault, MSm, de VAcad. 26. 719. 
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as the ratio of the products of the density and pressure of each 
vapour at that temperature*. 

139. So far as experiments have been conducted on the 
phenomena presented by the boiling and distillation of two 
liquids mutually miscible and capable of combining chemically 
with one another, it would appear that when such a mixture is 
distilled the excess of one liquid which is present, over the 
quantity required to combine with the other liquid, is removed 
as vapour,' and that the boiling point of the mixture rises until 
a temperature is reached whereat a compound, composed of 
both liquids, distils as a whole. The boiling point of this 
compound of course varies in accordance with the pressure on 
the sur&ce of the mixed liquids. 

Thus when an aqueous solution of hydrochloric acid is 
distilled, at the ordinary pressure, water vapour passes off until 
a liquid containing 79*8 per cent. HjO and 20*2 per cent. HCl 
remains, which liquid then distils unchanged, the temperature 
remaining constant at 112^' 

140. From what has been said in par. 136 we should expect 
to find a definite connection between (1) the molecular weight 
and (2) the chemical composition of liquid compounds and the 
boiling points of these compounds. 

The boiling point of the members of a series of homologous 
carbon compounds increases as the molecular weight increases. 
Thus take the series of normal parafiins C^H^^. 

Boiling points of normal 'paraffins. 

B.P. Difference. 
Butane C^H,, V 

Pentane C.H^, 38 37** 

Hexane C^H^^ 70 32 = 37-5 

Heptane CyH,^ 99 29 = 32-3 

Octane C3H^3 124 25 = 29-4 

Dodecane 0„H^ 202 78 = 19*5 x 4 

Hexdecane Oj.H,^ 278 76 = 19x4 

1 See F. D. Brown, C, S. Journal, Trans, for 1879. 647. 

^ See Bosooe and Dittmar, G. S. Journal, 12. 128: 13. 146: 16. 270, 
Berthelot, Ann, Ghim, Phys. (5). 4. 489. On the boiling points of salt-solutions 
see Niool, Phil. Mag, (5). 18. 864. 
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The diflference between the boiling points of two consecutive 
members of this series appears to decrease by about 4° until it 
attains the value 19^ after which it apparently remains constant. 

These numbers, and many more might easily be given*, are 
sufficient to shew that the boiling points of the members of a 
homologous series of liquid carbon compounds do not depend 
only on the molecular weights of these compounds. The 
proportion between the numbers of carbon and hydrogen atoms 
in the normal paraffins, besides the total number of these atoms, 
appears to influence the boiling points. 

Goldstein' gives the following formula for finding the 
boiling point of any normal paraffin of the general form 
CH.(OHR0.OH.. 

B.P.=b.p. + fl9 + -^,V 

B.P. = boiling point required ; b.p. = boiling point, and n = 
number of atoms of carbon in the molecule, of the paraffin next 
lower in the series than that the B.P. of which is required. 
Thus B.P. of 

OH,. (CH.),.CH3 = 39^-0; required the B.P. of 0H3.(CH,),.CH3. 

B.P. required - 39 + (l9 + ^) 

= 39 + 19 + 12-66 

= 70'-66. B.P. observed = 70"-6. 

The same formula appears to hold good for finding the B.P. 
of any iso-paraffin of the series CH(CH3)2.CHgR'.CH3, given the 
B.P. of one member of this series. 

Thus B.P. of 

OH(CH3),.OH,.CH3=30°-5;requiredtheB.P.ofOH(OH3),.(OH,),.CH3 

B.P. required = 30'5 + ^19 + 

= 30-5 + 19 + 12-66 

= 62'-16. B.P. observed = 62'-0. 

141. From the known data regarding the boiling points 
of isomeric hydrocarbons, it has been concluded that, of any 

' 1 See Naumann's Thermochemie, pp. 172 — 177. 

' Ber. 12. 689 ; also C, 8, Journal, AbstraotB for 1882. 374 (original paper is. 
in Bnssian). 
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number of isomerides containing only carbon and hydrogen, 
that one has the lowest boiling point the molecule of which 
contains, in the language of the theory now in vogue, the 
greatest number of ' side chains Thus, 



Isomeric Pentanes CbH^. 

(1) normal pentane OH,. (CH,), . CH, 

(2) isopropyl-methyl-methane 0Hj,.0H(0H3),.CH, 

(3) tetramethyl-methane ^(OH,)^ 

Isomerio Hexanes CJB,^^, 

(1 ) normal hexane CH, (CHJ^ OH, 

(2) isopropyl-ethyl-methane OH,. 0H(0H3),.0,H, 

(3) di-isopropyl 20H(0H,), 

(4) trimethyl-ethyl-methane C(OH,),0,H^ 



B.P. 
39* 
30-5 
9-5 

B. P. 
70^-5 
62 
58 

43-48. 



Naumann has extended this generalisation to certain oxygen- 
ated carbon compounds. He gives the following formuke and 
boiling points* : — 

Butylio Alcohols OJ^^qO. 
(1) normal primary OH,. OH,. OH,. 0H,OH 



(2) iso-primary 

(3) normal secondary 

(4) normal tertiary 



OH. OH OH 



H,0^ 
H30.0H,.CH, 

3 8 

CHOH 

H30-OOH 
H3C/ 



B.P. 

116" 



Valeric Aldehydes OgHjoO. 
(1) normal valeric aldehyde OH3. (OH,), . OHO 



(2) ordinary 



H.0 



0H.CH,.CHO 



Yalerio Adds GgHjgO,. 
(1) normal valeric acid ^..(CH,),.©©,!! 



H3C 



0H.CH..CO.H 



(2) ordinary „ , 

1 Ber. 7. 173. Id. Thermoehemie, pp. 167—172. 



109 
89 

82-5 

B.P. 

102» 

92 

B. P. 

185" 

175 
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(3) trimetiiyl acetic acid H3C— O.COj^H 



B. P. 



Ketones C^U^fi. B. P. 

99^-105 



(1) methyl-propyl ketone CH3.OO.C3H, 

(2) methyl-isopropyl ketone CH3.OO.CH 



93-5 



142. Naumann^ also gives data which seem to shew that 
in many isomeric carbon compounds containing oxygen, that 
isomeride has the lowest boiling point in which the oxygen atom, 
(or atoms) is 'situated near the middle of the chain' of atoms 
which form the molecule. But such an expression as 'near the 
middle of the chain* conveys no information about the form of a 
molecule, or the arrangement of atoms in space". 

143. According to Schall' there is a connection between 
the rate of evaporation, at the boiling point, of a liquid carbon 
compound and the molecular weight of that compound in the 
state of gas. \ 

Schall heats the liquids to be examined in their own vapours, 
and observes the times required for the evaporation of equal 
volumes; the times required for the evaporation of equal weights 
are then calculated, the relative densities of the liquids at their 
boiling points being known. 

The time of evaporation of equal weights of liquid compounds, 
according to SchalVs determinations, is inversely proportional to 
the molecular weights of these compounds. 

Section II. Dissociation, 

144. In par. 128 it was stated that by adding heat to 
steam the temperature of the steam increases, and a point is 
reached whereat chemical change of steam into hydrogen and 

1 Ber, 7. 206; and Thermochemie, loc. ciU See also Watts's Diet. Srd 
Bupplt. pp. 944-5. 

^ On the connections between melting and boiling points and chemical 
composition see also Mills, Phil. Mag. (5), 18. 173. 
5 Ber. 16. 3011 : 17. 1044. 
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oxygen begins. When amylic bromide is heated to 165* change 
into amylene and hydrobromic acid begins. 

We have now to consider the phenomena presented by such 
changing systems as steam and amylic bromide, chiefly with the 
view of elucidating the relations between the composition of these 
systems and the temperature and pressure at which any specified 
change occurs. 

145. The outstanding features of the phenomena connoted by 
the term dissociation are: (1) a change of more complex into less 
complex compounds, or of compounds into elements, brought 
about by the action of heat, some or all of the bodies pro- 
duced being gases ; and (2) the possibility of the reversal of the 
process by cooling the products of the primary change in contact 
with each other. 

146. The following numbers present us with three typical 
cases of dissociation. In each case a compound is heated, the 
temperature rises, and the density of the gases decreases. The 
composition of the original compound is known, as is also the 
composition of the gaseous compounds produced by the action 
of heat ; hence the amount of chemical change for any tempera- 
ture-interval can be calculated from observations of the density 
of the gas. 

Dissociation of nitrogen tetroodde^, ^fi^* 

(Specific gravity of N,0^ = 3-18 ; of NO^ + NO, = 1 -59 j (air = 1).) 

Mean increase in perctge : 
dissociation for 10^ rise 
of temperature. 

6-5 
8-1 
110 
12-1 
13 
10-4 
8-8 
4-4 
3-1 
3-5 
1-8 



Temp. 


Sp. gr. of gas. 


irerceniage 
dissociation. 




2-65 


19-96 


35-4 


2-53 


25-65 


39-8 


2-46 


29-23 


49-6 


2-27 


40-04 


60-2 


2-08 


52-84 


70 


1-92 


65-57 


80-6 


1-80 


76-61 


90 


1-72 


84-83 


100-1 


1-68 


89-23 


111-3 


1-65 


92-67 


121-5 


1-62 


96-23 


135 


1-60 


98-69 


154 


1-58 


100 



1 Deville and Troost, CompU rend, 64. 237. 
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Dissociation of amylic bromide^ ^ CgHjjBr. 

(Specific gravity of 0,H„Br = 5*22; of C^Hj^ + HBr = 2 61; (air=l).) 

Tt 4. Mean increase in perctge : 

dissociation for 10^ rise of 
temperature. 



Temp. 


Sp. gr. of gas. 


jrercenu 
dissociati 


152" 


5-37 




155*8 


5-18 




160-5 


5-32 




165 


5*14 . . 


1-6 


171-2 


516 




173-1 


5-18 




183-3 


5-15 . 


1-4 


185-5 


5-12 . 


2 


193-2 


4-84 . ! 


7-9^ 


195-5 


4-66 


12 I 


205-2 


4-39 


18-9) 


215 


4-12 


26-7j 


225 


4-18 




236-5 


3-83 . . 


. 36-3) 


248 


3-30 


58-2 


262-5 


3-09 


68-9\ 


272 


3-11 




295 


3-19 




306-3 


3-19 




314 


2-98 . . 


. 751, 


360 


2-61 


100 



2-7 
7-7 

9-2 



4- 5 

1-2 

5- 4 



Dissociation of amylic iodide* ^ O^HjjI. 

(Specific gravity of C,H„I = 6-84 ; of 0,Hj, + HI = 3-42; (air = 1).) 

Temp. Bp.gr. of gas. Percentage Mean increase, per 10<^, of 

dissociation. percentage dissociation. 

143« 6-05 13-1 1 . 

153-5 5-97 14-6 \% 

168 5-88 16-3 

160 5-73 19-4 

210 4-66^ 46-8 

262 4-38* 56-2 ^'^ 

147. The nuBofbers in the third column of these tables are 
calculated on the assumption that, (1) N^O^ dissociates into 
2N0,; (2) C,H,jBr dissociates into C,H,, + HBr; (3) C,H,J 
dissociates into CgH-jo + HI. The sp. gr. of gaseous N^O^, CgHj^Br, 
or CgHjjI is readily calculated on the assumption that the 

1 Wnrtz, Annalen, 18S. 815. 

s Wurtz, Gompt. rend. 62, 1182: Annalen, 185. 814. See also Naumann*8 
Thermochemie, 123. 
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quantity of each compound expressed by the formula occupies 
two volumes in the state of gas. Similarly the sp. gr. of a 
mixture of NO, + NO,, C,H,, + HBr, or C,H^, + HI, is calculated 
on the same assumption. 

Putting d==sp. gr. of the undissociated gas; Z) = sp. gr. 
observed; and p = amount of dissociation per cent; we have* 

_ 100 (d-D) 

This formula is only applicable when two volumes of the 
original gas produce four volumes of mixed gases by complete 
dissociation. If there be x volumes of mixed gases produced 
from two volumes of the original compound as gas, and if 

then the equation 



is always applicable 

148. In the cases of dissociation considered it can easily be 
proved that the compounds N^O^ CgH„Br, and OgH^J exist as 
gases at low temperatures, and that the gases obtained by heating 
these to a high temperature actually consist of 2N0,, CgHj^^+HBr, 
and O^Hj^ + Hi, respectively. 

But it sometimes happens that little or no direct proof of 
the occurrence of dissociation is to be had except that presented 
by the decrease of gaseous density as temperature rises. Thus 
if solid ammonium chloride is heated, a gas is obtained the 
density of which is less than that calculated on the assumption 
that the mass of ammonium chloride represented by the formula 
NH^Cl occupies two volumes in the state of gas. But if this 
gas is allowed to cool ammonium chloride is produced. Now if 
we assume that NH^Cl dissociates when heated into NH3 + HCl 
we can easily calculate the amount of dissociation at any tempe- 
rature, from the observed density of the gas. Thus the theoretical 
density of NH^Cl gas is 1*86 (air =1), but the observed density 
of the gas obtained by heating this compound is less than 1*86, 
and decreases as temperature rises until at about 500® it is equal 

1 See further Naumann's Thermochemie, 114—115. 



2 = a. 

_ 100(d- J) 
^~ (a-l)i) 
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to I'O. The density of a mixture of NH, and HOI in equal 
volumes is 0*93 (air = 1). Hence we conclude that when NH^Ol 
is heated it dissociates into NH, + HCl, and that these gases 
recombine to produce NH^Cl as temperature falls. 

A similar phenomenon is presented by the action of heat on 
phosphorus pentachloride. Data are given in the following 
table. 

Dissociation of PClj.' 

Calculated density of gaseous PCl^ = 7*2 ; of gas consisting of 
PCI3 + Olg = 3*6, (air = 1) : amount of dissociation is calculated by the 

formula p = ^^^(^ ^) ^y^^ assumption that 2 volumes of gaseous 

POlj dissociate into 2 volumes of PCI3 + 2 volumes of Cl^. 

Temp. Sp. Gr. of gas. 

182" 5-08 

190 4-99 

200 4-85 

230 4-30 

250 4-00 

274 3-84 

288 3-67 

300 3-65 

149. The resemblance between the course of the change 
presented by these data and the changes undergone by N^O^ 
CgHjjBr, and CgH^J renders it very probable that these four 
changes are of the same kind. Hence the conclusion is drawn 
that the action of heat on PQl^ presents us with an instance of 
dissociation. 

It has been shewn by Pebal" that if the vapour obtained by 
heating solid ammonium chloride is diffused through a porous 
plate the diffusate contains considerable quantities of free 
ammonia. Now if the vapour were really NH^Cl and not a 
mixture of NHg and HCl, this result appears inexplicable. 

Again, Wurtz' obtained numbers for the density of phosphorus 
pentachloride gas at low temperatures nearly agreeing with the 
calculated density 7*2. The method adopted by Wurtz was to 

1 Cahours, Compt. rend, 21. 625. Ann. Chim, Phys, (3) 20. 369. 

2 Annalen, 126. 193. 

» Compt, rend. 76. 601. 



Percentage Mean increase per W of 

dissociation. percentage dissociation. 

il'l ..... 3-25 

44-3 ..o 
48-5 

67-4 II 
80-0 

87-5 II 
97-3 
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volatilise the vapour of the pentachloride into flasks already 
containing a known amount of vapour of phosphorus trichloride. 
From the sum of the weights of the two gases, and from analyses 
of the contents of the flasks, he calculated the volume and weight 
of the vapour from the pentachloride, and the pressure under 
which the vapour existed in each flask. As the mean of 12 experi- 
ments, at temperatures ranging from 160^ to 175® and pressures 
varying from 168 to 413 mm., Wurtz obtained the number 7*23 
as representing the density of the vapour of phosphorus penta- 
chloride, obtained by gasifying this compound into an atmosphere 
of phosphorus trichloride\ 

150. If we refuse to accept the explanation given by the 
dissociation-hypothesis of the observed variations in the densities 
of such gases as ammonium chloride, phosphorus pentachloride, 
&c. then we must fall back on the hypothesis that the coefficients 
of expansion by heat of these gases are abnormal. The rate of 
increase of the coefficients of expansion of these gases, on this 
view, increases as temperature increases, until a maximum is 
reached, and then again decreases to a constant value. But this 
explanationismuchmore far-fetched and contradictory of observed 
fsujts than that which is given by the hypothesis of dissociation'. 
Besides this, we shall see that it is possible to frame a consistent 
theory of dissociation which explains many facts both chemical 
and physical, and is in keeping with the fundamental laws oi 
energy. 

151. On looking at the data presented in the three tables 
(par. 146) it is seen that the amount of dissociation for a given 
temperature-interval is at first small, it then increases as tempe- 
rature rises until about 50 per cent, of the original compound 
has been dissociated, after which the amount of dissociation 
decreases for the specified interval of temperature until the 
change is complete. ^ In these tables the pressure remains at 
760 mm. throughout. The temperature at which 50 per cent, of 
the complete dissociation is accomplished for any specified pressure 
is called by Naumann, and others, the decomposition-temperature 
of the given compound. 

The course of a dissociation-change is generally conditioned 

1 Compare Lemoine, Etudes sur lea Equilibres OhimiqtieSf 68—72. 
^ Compare Naumazm's Thermochemie, 151-2. 
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by the pressure, as well as by the temperature, to which the 
dissociating system is subjected. That this is so in one of the 
cases already examined is made clear by the following tables*: — 

Dissodatian of N^O^. 

I. Equal temperatures. 

Temp. PresBure. Density (air =1). ^^^^tifn. 

m 279 mm. 271 173 

18-5 136 „ 2-45 29-8 

20 301 „ 2-70 17-8 

20-8 153-5 „ 2-46 29-3 

II. Equal pressures. 

Temp. Pressure. Density Percentage Differences Quotient. 

(air=l). dissociation. (1) (2) (2) 

of temp, of dissociation. (1) 





153 


mm. 


2-87 « 


10-8 


20-8 


153-5 




2-46 


29-3 • 


10-5 


163 


99 


2-73 


16-5 


21-5 


161 


99 


2-38 


33-7 • 


14-6 


175 


99 


2-63 


20-9 


16-8 


172 


99 


2-55 


24-7 • 


17-5 


172 


99 


2-52 


26-2 • 


1 


138 


99 


2-84 


11-9 


18-5 


136 


99 


2-45 


29-8 • 


22-5 


136-5 


99 


2-35 


35-3 • 



21-8 


18-5 


0-9 


11 


17-2 


1-6 


2-3' 


3-8 


1-7 


0-7 


1-5 


21 


17-5 


17-9 


10 


4 


5-5 


1-4 



III. Equal amounts of dissociation. 



Temp. 


Presaore. 


Percentage 
dissociation. 


Differences 
(1) (2) 


Quotient. 
(2) 


26»-7 
16 


755-5 mm. 19-96 
228-6 „ 20-0 • • 


of temp. 
. 10-7 


of pressure. 
527 


(1) 
49 


35-4 
16-8 


755-5 „ 
172 „ 


25- 65 

26- 2 • • 


. 18-6 


583-5 


31-3 


39-8 
20-8 


755-5 „ 
153-5 „ 


29-23 
29-3 • • 


. 19 


602 


31-7 


39-8 
18-5 


755-5 „ 
136 „ 


29-23 
29-8 • • 


. 21-3 


619 


29 


49-6 
22-5 


755-6 „ 
101 „ 


40-0 

39-0 • • 


. 27-1 


654-5 


24-2 



^ Naumann, loc, ciL 129— 13L 
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Decrease of pressure, temperature being constant, ac5ts in 
the same way as increase of temperature when pressure is 
constant; in both cases the amount of dissociation increases. 

Table II. illustrates a point already mentioned, viz. that the 
amount of dissociation for a given interval of temperature, with 
a constant pressure, is smaller at low than at higher tempera- 
tures, up to a certain limit of temperature. 

The fourth and fifth columns of Table III. contain figures 
which represent equivalent quantities of temperature and 
pressure, equivalent, that is, as regards their eflfect on the amount 
of dissociation. These numbers shew that as the temperature 
is approached at which 50 per cent, of the original compound 
is dissociated, the influence on the amount of dissociation of 
decreasing the pressure is, in this case, much more marked than 
the eflfect of increasing the temperature. 

152. At any specified temperatul^ there is a certain 
pressure whereat the process of dissociation stops. This is called 
the equilibrium-pressure for the specified temperature. If the 
pressure be decreased, or if the temperature be increased, the 
change proceeds\ 

A process of dissociation such as we have studied is evidently 
for the most part conditioned by temperature and pressure only. 
Is it then possible to treat the subject in a general way so as to 
arrive at a definite statement of the quantitative relations 
between temperature, pressure, and amount of dissociation ? 

153. The relation between the volume of a gas and the 
pressure to which the gas is subjected may be considered when 
the conditions are such that (1) the gas is continuously in 
thermal equilibrium with its surroundings so that any heat 
produced by compressing the gas at once escapes, and the 
temperature remains constant ; (2) no heat is allowed to enter 
or leave the gas. In the first case the relation in question may 
be represented by a series of isothermal lines; in the second 
case by a series of adiabatic lines. The isothermals represent a 
scale of temperature ; the adiabatics a scale of entropy. 

The entropy of a system can change only when heat passes 
from one part of the system at a higher, to another part at a 

1 But see post, pars. 155, 160— 1G2. 



Digitized by Google 



128 APPLICATIONS OF THERMAL METHODS. [CHAP. IV. § 153. 

lower, temperature. Let 5" = the quantity of heat that so 
passes from a body at temperature 0^, measured on the absolute 
or thermodynamic scale, to a body at temperature 0^; then the 

first body loses a quantity of entropy expressed by , and the 

second body gains a quantity of entropy represented by ^ . But 

since heat passes only from bodies at higher, to bodies at lower, 
temperatures, it follows that 0i>0^; and therefore 

H H 

0,^0/ 

Hence the entropy of the system is increased by this trans- 
ference of heat by the amount 



The entropy of a body is proportional to the mass; hence it is 
more accurate to speak of the entropy of unit of mass of a body 
or system. 

The relations between the equilibrium of an isolated gaseous 
system and the changes of the entropy and energy of that 
system have been considered by Willard Gibbs\ Such a system 
will be in thermal and mechanical equilibrium when, for a given 
constant entropy, any change that may occur involves one of 
two conditions for the energy of the system, viz. (1) the energy 
increases, or (2) it remains constant. 

Consider a mixture of gases some of which can be formed 
from the others ; when the energy of such a system has its 
smallest value consistent with the entropy and the volume (i.e. 
when any decrease of the energy must alter the entropy and 
volume) this system is in what Gibbs calls a 'phase of dis- 
sipated energy * ; such a phase will be stable. 

But the state of a gaseous system is conditioned by six 
variables : 

(1) the masses of the constituents 

(2) the volume of unit mass of each constituent , 

1 Amer. Journal of Sci. and Arts, (3) 16. 441 ; 18. 277. See also Clerk 
Maxwell in the South Kensington Science Conferences, 1876 ; also Theory of 
Heat, chaps, viu. and zi. 
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(3) the entropy of unit mass of each constituent 

(4) the energy of unit mass of „ „ rj^ 

(5) the pressure of each constituent p^s 

(6) the temperature „ (thermodynamic scale) 0^ 

Changes in the values of any of these variables will be 

accompanied by changes in the state of the system. 

But an ideal system in a ' phase of dissipated energy ' has a 
certain entropy and volume, and has the minimum energy possi- 
ble for this entropy and volume. For any change of the entropy 
and volume the energy must stiU remain at a minimum (or for 
any change of the energy the entropy must remain at a 
maximum). Now the energy is conditioned by (1) the volume, 
(2) the entropy, (3) the masses of the constituents of the sjrstem. 
If the energy is known in terms of these variables, the tempera- 
ture and pressure can be found in terms of the same variables. But 
(2) remains always at a maximum : its variation vanishes when 
energy and volume are constant. Hence an equation can be 
found between (1) m,...m„, (2) v^.-.v^, (3) 0i...0n, for each of the 
two conditions (i) that the energy does not vary, and (ii) that 
the variation of the entropy vanishes when the energy and 
volume are constant. The relations of volume, temperature, and 
mass may be calculated by means of these equations for the 
assumed conditions of energy and entropy ; and an equation may 
be found to give the density in terms of the temperature and 
pressure. 

In dissociable gases we have ' gas-mixtures with convertible 
components', i.e. with constituents some of which may be 
produced from the others. Gibbs assumes that notwithstanding 
the occurrence of chemical action between the components of 
such gas-mixtures, the temperature, pressure, volumes, and 
densities of these dissociable gases are related in the same way 
as in ideal gas-mixtures with convertible components. Hence 
the equation which enables the density of an ideal gas-mixture 
in a phase of dissipated energy to be calculated from the 
temperature and pressure may be applied to the case of dis- 
sociable gases. 

The equation in question is given by Gibbs in the following 
form^: — 

1 Loc. ciU 18. 281. 
M. T. C. ^ 
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- J)« = - - * + f + P ' 

where D is the density (air = 1) of the gaseous mixture, the 
theoretical density of its less dense component, t the temperature, 
p the pressure, and A\ B", and C are constants to be determined 
by experiment for each gaseous mixture. 

Gibbs has compared the densities of the vapours obtained 
by heating nitrogen tetroxide, formic acid, acetic acid, and 
phosphorus pentachloride, at different pressures and tempera- 
tures, with the densities calculated by means of this equation. 
The results shew very close agreement in most cases. Gibbs 
concludes his paper thus: "The constants of these equations are 
of course subject to correction by future experiments, which 
must also decide the more general question — in what cases, and 
within what limits, and with what degree of approximation, the 
actual relations can be expressed by equations of such form. In 
the case of perchloride of phosphorus especially, the formula 
proposed requires confirmation." 

The important point to note with regard to this investigation 
of Gibbs is that equations are deduced from the fundamental 
conceptions of the theory of energy as applicable to certain 
ideal gas-mixtures, and that these equations are found to express, 
with a fair degree of accuracy, the actual relations between pres- 
sure, temperature, and density, in dissociable gases. If the results 
obtained by Gibbs are confirmed and extended by future experi- 
ments we shall have a fairly complete thermodynamic theory of 
dissociation. 

154. But the phenomena of gaseous dissociation may be 
looked at from the point of view of the molecular theory of 
matter. 

Pfaundler especially has examined the phenomena from this 
standpoint\ 

According to the kinetic theory of gases there must be 
differences in the states of motion of individual molecules in a 
mass of gaseous molecules of one kind. The sum of the kinetic 
energies of the motion of agitation of the molecules and of the 
motion of rotation of the parts of the molecules must be a 
^ Pogg, Ann, JubelM. 182 : and do. 131. 55 et seq, (espeoially pp. 66—71). 
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constant quantity as long as temperature remains unchanged, 
but the distribution of the two motions may differ much, as 
regards the iadividual molecules. 

Let us call the energy of agitation of the molecules of a 
gaseous system at constant temperature a, and the energy of 
rotation of parts of the molecules b; then there are four limiting 
cases for the distribution of these two energies among the indi- 
vidual molecules of the system. We may have molecules in which 

(1) a and b are both at a maximum ; 

(2) a and b are both at a minimum ; 

(3) a is at a minimum, and 6 at a maximum ; 

(4) a is at a maximum, and 6 at a minimum. 

When two molecules collide, a may be increased at the cost 
of b, or, as a limiting case, both may remain unchanged. The 
temperature of individual molecules may be far removed from 
the mean temjperature of the system. 

Now suppose heat is added to such a system, the energy 
of agitation and also that of rotation will increase. The 
effect will be that some of the molecules will be resolved into 
their constituent parts ; others will be heated to the tempera- 
ture at which separation into parts occurs, and so on. 

The process of separation into parts will proceed rapidly for 
a time, but, as fewer and fewer molecules remain unseparated, as 
temperature rises the rate at which the separation proceeds will 
decrease. 

But re-combination of parts of molecules will also be pro- 
ceeding in the system. The occurrence of this re-combination 
will be conditioned by the relations between the energies of 
agitation and of rotation in individual molecules. Only those 
constituents of molecules will unite which by their union can 
produce molecules with a rotational energy not greater than 
that which brings about separation of molecules into parts. If 
now temperature remain constant, we shall have separation 
and re-combination proceeding until a state of equilibrium is 
attained, which will be again disturbed by raising or lowering 
the temperature \ 

^ Dissociation is treated by Pfanudler as a special case of his general theory 
of * simultaneous reciprocal reactions in consequence of variations in the 
motions of individual molecules 

9-2 
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155. The subject of gaseous dissociation has also been 
considered from the molecular point of view by J. J. Thomson. 
In a paper 'On the chemical combination of gases Thomson 
treats of dissociation in the light of the theory of vortex-atoms. 
This theory regards the molecule of a gas as consisting of two or 
more vortex-rings, which may be separated by a disturbing 
influence such as the action of heat, light, or electricity, or of 
other vortex-rings in the neighbourhood. That a compound 
gas may be diflferent from a mixture of the gases which compose 
the compound it is necessary that "the mean time during which 
an atom is paired with another of a different kind, which we 
shall call the paired time, should be large, compared with the 
time during which it is alone and free from other atoms, which 
we shall call the free time." The ratio of paired to free time 
will be diminished by any disturbance to which the gas is 
subjected; "if this disturbance is great enough the value of 
this ratio will be so much reduced, that the substance will no 
longer exhibit the properties of a chemical compound, but those 
of its constituent elements." The effect of a disturbance on two 
vortex-rings may tend to make the connection between the 
rings stronger, or it may tend to separate the rings; which 
effect is produced will depend on the direction in which the 
compound molecule is moving at the time. Molecules may be 
separated into their constituents by the action of heat, light, 
electricity &c., or by the effect of high temperature without any 
external disturbance. 

Thomson then considers the conditions under which the 
ratio of paired to free time is so reduced that the gas separates 
into its constituents. He considers cases of various degrees of 
complexity, beginning with that of an elementary gas the 
molecules of which are diatomic. He shews how an equation is 
arrived at for such a gas whereby the ratio of the number of free 
atoms to the number of molecules at any time may be determined. 
This equation may be expressed as an equation giving the density 
of the dissociated gas; and the results calculated by it can then 
be compared with the experimentally determined results (loc. cit 
pp. 240 — 241). Further, this form of the equation varies according 

1 Phil. Mag, (6). 18. 233. 
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as it is assumed that the dissociation is produced by collisions 
between the molecules, or by some external agency such as heat, 
light, or electricity. In the simple case of iodine vapour "if the 
dissociation were due to the collisions of the particles, then the 
paired time would vary inversely as the number of collisions, 
and. . .dissociation would be the same at all pressures." But the 
dissociation of iodine vapour is dependent on the pressure, hence 
the dissociation is probably not due to collisions between the 
molecules, but rather to the action of some external agency. 
In considering the change of gaseous hydriodic acid into iodine 
and hydrogen it is shewn that the amount of the change, at a 
given temperature, should be much less dependent on pressure 
than in the case of iodine vapour. This conclusion follows 
whether the change is regarded as the effect of collisions be- 
tween the molecules, or as the effect of an external agency. The 
experimental results obtained by Lemoine* confirm Thomson's 
theoretical deduction. Other cases are considered in the paper 
referred to, and equations are deduced whereby the conditions 
which determine the ratio of paired to free time, and therefore 
determine the amount of dissociation, may be obtained. 

156. It appears then that two fairly satisfactory theories of 
gaseous dissociation have been proposed, one founded on thermo- 
dynamical considerations, the other developed on the lines of the 
vortex-atom theory of the structure of matter^. 

157. But what are the phenomena presented by the disso- 
ciation of a solid compound into soUd and gaseous constituents ? 
Consider the two compounds AgCl.SNHg and 2AgCl. SNHg. 
If silver chloride is placed in a closed vessel filled with ammonia 
gas, temperature being about 12^-20^, ammonia is absorbed, the 
compound 2AgCl . SNHg is produced, and the pressure in the 
vessel decreases. If more ammonia is now passed into the 
vessel, absorption again occurs until a certain pressure is attained, 
when the process stops. If the temperature is now raised, 
a portion of the compound 2AgCl . SNHg is separated into silver 
chloride and ammonia. This separation is accompanied with 
increase of pressure; when a certain pressure is reached the 

1 Bee post, par. 160. 

^ For a fuller: account of the various theories of dissociation see Lemoine's 
Etudes 8ur Us Equilibres Chimiquea, 
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process ceases. If the temperature is now lowered, ammonia 
is again absorbed, and the pressure falls, until equilibrium is 
once more established in the system consisting of a?AgCl, 
y2AgCl . and 

For every temperature then there is a certain pressure at 
which neither absorption nor evolution of ammonia occurs, but 
equilibrium is established. This equilibrium-pressure is inde- 
pendent of the relative amounts of the two solids, AgCl and 
2AgCl . 3NH3, present But suppose the system to be in 
equilibrium at a specified temperature, say 20® ; let the pressure 
be much increased by pumping a quantity of ammonia into the 
vessel, absorption will occur and the whole of the silver chloride 
will be changed into 2AgC1.3NH3; but the process of ab- 
sorption will continue, and a new compound AgCl . SNHg will be 
produced. When so much ammonia has been absorbed that 
the pressure has fallen to a certain amount the process stops. 
If the temperature is now lowered, more ammonia is absorbed 
and the pressure falls ; if the temperature is raised, ammonia is 
evolved, and the pressure increases ; if the temperature is kept 
constant and ammonia is pumped into the vessel, a portion of 
the ammonia is absorbed, and the pressure falls. For every tem- 
perature there is a certain pressure at which equilibrium is esta- 
blished in the system consisting of fl?2AgCl . 3NH3, yAgCl . 3NH3, 
and ^NH,. This equilibrium-pressure is independent of the 
relative amounts of the two solids 2AgCl. 3NH3 and AgCl. 3NH3. 
The following table exhibits the equilibrium-pressures for the 
interval of temperature 6®-20° for each of the two compounds of 
ammonia and silver chloride \ 

Temp. Equilibrium-pressures 
(in millims. of mercury) 
2Ag01 . SNHg AgOl . 3NH3 



6° 22 — 

7 23-4 — 

8 24-9 432 

9 26-5 446 
10 28-2 465 
12 31-9 520 
16 40-9 653 
18 46-6 723 
20 52-6 793 



^ Hortsman, Ber, 9. 749. See also Isambert, Compt. rend, 66. 1259 ; 70. 456. ' 



Digitized by Google 



SECT. II. § 167.] 



DISSOCIATION. 



136 



The difference between the equilibrium-pressures for each 
system— (i)a?AgCl,y2AgC1.3NH;„^NH;,; and (ii) a;2AgC1.3NH„ 
yAgCl . SNHg, zISITEI^ — at any temperature, is so great that it is 
not difficult to study the relations between pressure, tempera- 
ture, and amount of chemical change, for either system. But 
experiments have shewn that in many other cases broadly 
analogous to this, it is almost impossible to determine the 
equilibrium-pressures for various temperatures. Take for 
instance the hydrated salt CuSO^ . 5lELfi, When a ciystal 
of this compound is heated in a closed vessel, of such a size 
that the water of the crystal is more than sufficient to saturate 
the air in the vessel, water-gas is evolved, and the pressure 
increases ; after a time the process stops. If the temperature is 
now allowed to fall, water is re-absorbed, and the pressure 
decreases. But the change of pressure is irregular and a long 
time must elapse before equilibrium is attained. At a moderate 
temperature the crystal is slowly dehydrated, but at the same 
time small quantities of water are re-absorbed by parts of the 
crystal which had before given off water. Irregularities in the 
form or surface of the crystal largely affect the processes of 
dehydration and rehydration, and cause fluctuations in one 
direction or the other. As these fluctuations are accompanied 
by changes of pressure, it is almost impossible to establish 
equilibrium, at a specified temperature, in the system consisting 
of atCuSO^, yCuSO^ . 5B.fi, zHfi and varying quantities of other 
hydrates of CuSO^. Several processes of dissociation are pro- 
ceeding simultaneously, and the equilibrium-pressure for any 
one of the dissociating systems at a constant temperature is so 
nearly the same as that for the other systems that the 
establishment of an equilibrium-pressure for the whole system is 
not attained\ 

If hydrated sodium phosphate, Na3HP04 . 12H fi, is heated in 
a closed vessel, water-gas is given off, and the pressure increases. 
For any temperature there is an equilibrium-pressure established 
which is independent of the relative amounts of the dehydrated 
salt and the various hydrates present. This equilibrium-pressure 
is the same whether the salt NajHP04 • l^H^O or a less hydrated 

1 For farther details see Naumann, Ber, 7. 1573 ; or Thermochemie, 145-6, 
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salt than this is used, provided the quantity of water in the 
salt is more than that required by the formula Na3HP04 . TH^O. 
If the salt NajHP04 . 7H,0 is heated, a series of equilibrium- 
pressures is obtained diflferent from those pressures which charac- 
terise the process when a salt is used with any quantity of water 
more than that required by the formula Naj,HP04 . 71B.fi but 
not exceeding that contained in the salt Na3HP04 . 12H,0. The 
following numbers represent the results obtained by Debray\ 



Temp. Eqailibrimn-pressnres 

Salt with 7 to 12 HaO. Salt with less than 7 H,0. 

12*-3 7-4 mm. 4-8 mm. 

16-3 8-9 „ 6-9 „ 

20-7 141 „ 9-4 „ 

24-9 18-2 „ 12-9 „ 

31-5 30-2 „ 21-3 „ 

36-4 salt melted 39*5 „ 30-5 „ 

40-0 50-0 „ 41-2 „ 



This process presents us with an example of dissociation of a 
solid body into solid and gaseous constituents intermediate be- 
tween that exhibited by CUSO4 . oKfi on the one hand, and the 
pair of salts 2 AgCl . 3NH; and AgCl . SNHj, on the other. 

Debray has also studied, the action of heat on calcium 
carbonate*. When this compound is heated in a closed vessel 
lime and carbon dioxide are formed, but, on cooling, calcium 
carbonate is reproduced. The direction of this change at a red 
heat is dependent only on the pressure of the gaseous con- 
stituent of the system, and is independent of the relative 
quantities of the solid constituents, lime and calcium carbonate. 
For each temperature examined there was found to be a 
maximum pressure exerted by the gaseous carbon dioxide 
whereat the direct change 

ajCaC03= CaO + CO, + (a: - 1) OaCOg 
stopped. Thus, 

Temp. Equilibrium-pressnre. 

860' 81 mm. 

1040^ 520 mm. 

When the pressure had become equal to 520 mm. temper- 
ature was allowed to fall ; carbon dioxide was slowly absorbed 
and pressure fell, until at 860° it was equal to 81 mm., when the 

1 Compt. rend. 66. 196. a Compt, rend, 64. 603. 
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process stopped as long as the temperature was kept at this 
point. When the temperature was again allowed to &11 slowly 
more carbon dioxide was absorbed, until at about 40(y or so 
the whole of the calcium carbonate originally used had been 
re-formed. _ 

158. A dissociating gaseous system is then, at a^^^m^- 
rature, a system in kinetic equilibrium. For each iWs^^ab^. 
gas there is a temperature at which the process begi^ ^ui(t 
another temperature at which it is complete. Pressure Dein^ 
constant, the rate of dissociation increases from the initial 
temperature until about one-half of the gas is dissociated, and 
then decreases until the change is complete. The process may 
be reversed by removing heat from the dissociated system; the 
temperature falls, and re-combination begins. If the heat 
produced during the re-combination of portions of the gases were 
prevented from leaving the system, re-combination would stop, 
and equilibrium be established ; but if the heat is slowly removed, 
temperature falls continuously, and the process of re-combination 
proceeds until the initial state of the system is again attained: 
but the temperature of the system is dow rather lower than 
that at which dissociation began. If the gases produced by 
dissociation are mixed, combination does not begin until a 
certain temperature is reached ; at this temperature portions of 
the gases combine, heat is evolved, other portions of the gases 
combine, and so the operation proceeds. If the temperature at 
any moment is lowered beyond a certain point, combination 
stops. 

In a chemical decomposition started by the addition of 
heat-energy, there is also a certain temperature at which the 
process begins, but, as a rule, the progress of the change is not 
accompanied by a continuous rise of temperature ; if heat is 
produced it is used in eflfecting the decomposition of further 
portions of the system, or it is partly given off to surrounding 
systems. The rate and amount of a decomposition are inde- 
pendent of pressure, within wide limits ; the process is not, as a 
rule, reversible. 

159. Although we can thus contrast the general laws of 
chemical decomposition with those of dissociation yet we cannot 
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define either class of changes. Dissociation gradually passes 
into decompositioiL "There is no outline in nature, however 
convenient or even necessary we may find it to draw one." 

Consider the case of hydrated magnesium oxide, MgO.HjjO. 
When this compound is heated it gradually separates into 
magnesia and water-gas with constant rise of temperature; 
each temperature is marked by a certain pressure of the water- 
vapour whereat the process stops; on cooling, the operation is 
reversed and MgO.HjO is reproduced. But if the salt is heated 
to a high temperature and is then cooled, the process is not 
reversed ; the water-gas does not re-combine with the magnesia 
however great the pressure may be. Dissociation has been 
succeeded by decomposition. 

The action of heat on mercuric oxide presents us with an 
instance of decomposition ; the process is not a function of the 
temperature when pressure is constant, nor is it a function of 
the pressure when temperature is constant; neither is it re- 
versible ^ 

160. Lemoine* has made a very careful study of the con- 
ditions which determine the equilibrium of the gaseous system 
consisting initially of equal volumes of hydrogen and iodine, at 
260^ 350^ and 440'. At the highest temperature (440°) the 
system settles down into equilibrium in about an hour ; at 350* 
equilibrium is established only after some days; and at 260** 
months elapse before a settled state is attained. The rate of 
chemical change is also dependent on the pressure at any 
of the specified temperatures. The composition of the system 
when equilibrium is attained is scarcely, if at all, conditioned by 
the pressure, but is dependent almost solely on the temperature. 
The fpllowing numbers present some of Lemoine's results : — 
Temperature = 440^. 



Pressure. Percentage of original hydrogen 
remaining uncombined. 

4420 mm. 24 

1748 „ 25-5 

760 „ 26 

380 „ 25 

152 „ 29 



1 J. Myers, Ber, 6. 11. 

> Arm* Chim. Phys. (5) 12. 145 : 26. 289, especially pp. 804^844. 
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Temp. =S5(fi. 
3040 mm. 21 
1520 „ 18-6 

♦700 „ ^18 

Temp. -260*. 

*1290 mm. *63) ^-.^^ . 

♦700 „ «g5j after 30 days. 

The numbers marked with an asterisk are approximate only. 

161. These numbers shew how very slowly a settled state 
is attained by the system at a temperature below 360*. Although 
the final state at 440* and 350* is only to a small extent con- 
ditioned by pressure, yet the influence of pressure on the rate of 
the change is very marked. This is exhibited by the following 
numbers : — 

Temp.=360». 

Percentage of hydrogen 
Pressure. remaining onoombined 

After 8 hoars. After 84 hours. 

3040 mm. 44 29 

1520 „ 69 48 

760 „ 97 61. 

The rate of the change varies almost directly as the pressure. 

162. If the mass of either the iodine or the hjdrogen 2B 
increased relatively to that of the other constituent, more hydri- 
odic acid is formed, when everything has settled down into 
equilibrium, than when the two gases are mixed in the proportion 
of their atomic weights ; but in no case examined did complete 
combination occur at 440^ and at a pressure varying from about 
350 to 1500 mm. The following numbers shew the influence 
exerted on the final state of the system by increasing the relative 
mass of hydrogen : — 

Temp. =4400. Pressure =340 mm. 

Ti*r.^^^^ Ti ^r,A T BaUo of HI formed to 
Proportion of H and I. ^^^^^ ^ 

1+ H -74 

I + 2H -84 

I + 3H -87 

I + 4H -88. 

163. This study of the mutual action of hydrogen and iodine 
is interesting, more particularly as it shews that some processes, 
which must on the whole be classed as dissociation-phenomena, 
are much less dependent on variations of pressure, as regards 
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the equilibrium of the system at any temperature, than those 
typical processes whi6h we have already considered. 

The great slowness with which the system settles down into 
equilibrium, and the further fact demonstrated by Lemoine that 
the presence of a porous body, such as spongy platinum, hastens 
the attainment of this state but does not affect the final com- 
position of the system when equilibrium is attained, shew, I 
think, that the combination of hydrogen and iodine, or the 
reverse decomposition of hydriodic acid, presents phenomena 
which belong at once to those strictly included under dissociation, 
and also to those included under decomposition and combination. 

Lemoine thinks that the amount of dissociation of a gaseous 
body which is produced from its constituents with condensation 
is distinctly dependent on pressure as well as on temperature ; 
but that the influence of pressure on the amount of dissociation, 
at a specified temperature, is small in the case of a gas which is 
produced from its constituents without condensation. Hydriodic 
acid belongs to the latter class of gaseous bodies. 

164. Thomson's application of the theory of vortex-atonas 
to the chemical combination of gases points, as we saw^ to two 
kinds of dissociation, one in which the influence of pressure is 
much more marked than in the other. The influence of pressure 
on dissociation-phenomena stands in need of experimental in- 
vestigation. 

Section TIL So-called abnormal vapour-densities. 

165. The term abnormal vapovr-densities has unfortunately 
been applied to a class of phenomena most of which are perfectly 
normal. 

That mass of a gaseous compound which is expressed by its 
formula always occupies two volumes. When N^O^ is heated it 
separates into 2NO3 : if N^O^ occupies two volumes, and NO, two 
volumes, it is evident that the density of the gas obtained by 
heating N^O^ should be one-half of the density of N^O^ itself. 

The numbers given in the table on p. 121 shew that at 
about 150° the gas NOj exists unmixed with N^O^, but that as 
the temperature falls more and more N^O^ is formed. The 
- _ ^*See ante, par, 155. 
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density of the gas at temperatures lower than those in the table 
approaches that which would belong to N^O^ unmixed with NO^ 
If a gas does not dissociate on heating throughout a certain in- 
terval of temperature, then, assuming the expansion to be normal, 
the density must remain constant throughout that interval. If 
the gas does dissociate there must be a gradual decrease of the 
density as the temperature rises. ' Hence the phenomena of disso- 
ciation explain such cases of so-called abnormal vapour-densities*. 

166. The density of the vapour obtained by raising the 
temperature of a liquid element or compound a little above its 
boiling pwnt is always found to be greater than that calculated 
from the chemical formula of the body. 

As the temperature rises the density of the vapour decreases, 
but the calculated density is not attained until a certain tempe- 
rature, more or less above the boiling-point according to the 
body examined, is reached. 

167. The following tables shew the variations in the den- 
sities of several vapours as temperature rises. 

(When the pressure is not mentioned it must be understood 
to be approximately 760 mm.) 



Acetic Acid 2. 


BuTTBio Acid. 


Anisol. 


Theoretical gaseons 
density 2*08 (air =1). 
Boiling point 119<*. 


Theoretical gaseous 
density 3-04 (air=l). 

Boiling point 151^. 


Theoretical gaseous 
density 5*18 (air=l). 
Boiling point 232<>. 


Temperature. 


Vapour 
Density. 


Temperature. 


Vapour 
Density. 


Temperature. 


Vapour 
Density. 


125^ 

130 

140 

150 

160 

171 

190 

200 

219 

230 

250 

300 


3-20 
3-12 
2-90 
2-75 
2-48 
2-42 
2-30 
2-22 
2-17 
2-09 
2-08 
2-08 


177° 

208 

228 

249 

261 

290 

310 

330 


3-68 
3-44 
3-22 
3-10 
3-07 
3-07 
3 07 
3-07 


245° 
260 
270 
325 
338 


5-98 
5-73 
5-64 
5-22 
5-19 



1 For details regarding individual compounds see Naumann, Thermochemie 
150—154. a Cahours, Annalen, 56. 176. 
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FoBMic Aon>^. 

Theoretioal gaseooB density 1*59 (air=:l). Boiling point lOV, 



Temperature. 


Pressure. 


Density. 


Temperature. 


Pressure. 


Density. 


99'-5 


690 mm. 


2-52 


iir-5 


690 mm. 


2-25 


99-5 


662 „ 


2-44 


111-6 


690 „ 


2*22 


99-5 


657 „ 


2-34 


116-5 


649 „ 


2-20 


101-0 


693 „ 


2-44 


115-5 


640 „ 


2-16 


101-0 


650 „ 


2-41 


124-6 


670 „ 


2-06 


105-0 


691 „ 


2-35 


124-5 


640 „ 


2-04 


1060 


630 „ 


2-32 


184-0 


750 „ 


1-68 


108-0 


687 „ 


2-31 


216-0 


690 „ 


1-61 


Watbb2, 


Etheb*. 


Theoretical gaseous density 0*622 


Theoretioal gaseous density 2*557 


(air=l). 


Boiling point 100^, 


(air=l). 


Boiling point 35^. 


Temperature. 


Pressure. 


Density. 


Temperature. 


Pressure. 


Density. 


108*-8 


752-7mm. 


0-653 


39»*7 


762-9 mm. 


2-649 


129-1 


740-3 „ 


0-633 


46*1 


764*5 „ 


2*662 


175-4 


764-1 „ 


0-625 


52-2 


740-5 „ 


2*639 


200-2 


755-9 „ 


0-626 


53-7 


745*0 „ 


2*651 






66-1 


754-3 „ 


2-649 








81-1 


762-6 „ 


2-610 








93-1 


762-4 „ 


2*603 








102*8 


756*2 „ 


2*597 








115-3 


755*8 „ 


2*578 








130-6 


756*7 „ 


2*683 








132-6 


742-5 „ 


2-666 








204-5 


757*1 „ 


2-565 



^ Bineau, AnnaXen, 60. 160. 

2 Horstmann, Annalen, SupplM. 6. 63. 
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Pboftl Fosuatb^. 



Theoretical density =3'04 (air=l). 



Pressure. 


Temperature and Tapoor densities. 




35^0 


65^-29 


80°-15 


99^-4 


128' 


200 mm. 


3-2267 


2-9892 


2-9842 


2-9632 


2-9708 


300 „ 




3-0181 . 


3-0014 


2-9802 


2-9780 


400 „ 




3-0469 


3-0257 


2-9992 


2-9884 


500 „ 






3-0490 


3-0186 


2-9985 


600 „ 






3-0538 


3-0258 


3-0075 


700 „ 






3-0596 


30299 


3-0150 


800 „ 








30340 


3-0230 



Bbomine and Chlorine. 



Temp, measured in 






Deviation of density from 


degrees above boiling 


Density (air=l). 


normal, in percentages of 


point of 






the latter. 


Bbomine. 


Chlorine. 


Bbomine. 


Chlobine. 


Bbomine. 


Chlobine. 




40^ 


5-7115 


2-4844 


3-381 


1-397 


60 


60 


5-6809 


2-4810 


2-872 


1-261 


80 


80 


5-6503 


2-4776 


2-223 


M22 


100 


100 


5-6197 


2-4742 


1-719 


0-984 


120 


120 


5-5891 


2-4708 


1-650 


0-845 


160 


160 


5-5279 


2-4641 


0-058 


0-571 




200 




2-4572 




0-290 




240 




2-4504 




00 



Schoop' has examined the relation of density to temperature 
and pressure in the cases of several ethereal salts, besides propyl 
formate (see Appendix IV.). 

There is a general resemblance between the course of the 
variation of density and that of a dissociation-change. If the 
temperature is constant the variation of the density appears to 
be a function of the pressure ; if the pressure is constant the 
variation appears to be a function of the temperature. If pres- 
sure decreases or temperature increases, the density decreases 
at first slowly, then more rapidly, and then again more slowly. 

1 Schoop, Wied. Ann. 12. 660. « Loc. ciu 
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168. Naumann* has made a series of experiments on the 
density of the vapour obtained by heating acetic acid at different 
temperatures and pressures. The following table gives a synopsis 
of his results. 



Density of Acetic Acid Vapoub. 
Densify ooiresponding to formula G^^O, = 2*08 (air = 1). Boiling point = 119^. 



Pressure. 


Density 
at 1100. 


Pressnre. 


Density 
at 1200. 


Pressnre. 


Density 
at 130O. 


411 mm. 


3-31 


432 mm. 


3-14 


455 mm. 


2-97 


359 „ 


3-22 


377-5 „ 


306 


398-5 „ 


2-89 


197 „ 


2-91 


252 „ 


2-94 


274. „ 


2-68 


166-5 „ 


2-81 


209 „ 


2-75 


221 „ 


2-61 


138-5 „ 


2-78 


180 „ 


2-61 


201 „ 


2-56 


98-5 „ 


2-61 


149 „ 


2-60 


188 „ 


2-50 


84 „ 


2-49 


106 „ 


2-46 


157-5 „ 


2-47 






89-5 „ 


2-37 


112-5 „ 


2-34 










93 „ 


2-32 



Pressnre. 


Density 
at 1400. 


Pressnre. 


Density 
at 1600. 


Pressnre. 


Density 
at I860. 


477 mm. 


2-82 


498-5 mm. 


2-68 


565 mm. 


2-36 


417-5 « „ 


2-75 


436-5 


99 


2-63 


495 „ 


2-31 


287-5 „ 


2-54 


300 


99 


2-44 


382 „ 


2-25 


232 „ 


2-50 


243 


99 


2-40 


335 „ 


2-23 


199 „ 


2-40 


208 


99 


2-29 


269 „ 


2-22 


168 „ 


2-32 


175 


99 


2-26 


230 „ 


214 


117 „ 


2-27 


103 


99 


2-16 


191-5 „ 


213 


98 „ 


2-24 






110-5 „ 


2-11 



169. These numbers present us with a change which is very 
analogous to an undoubted case of dissociation, e.g, dissociation 
of N,0,or PCI,. 

The formula obtained by Willard Gibbs (see p. 130) very 
approximately represents the relations between the density, the 
temperature, and the pressure, in the case of acetic acid vapour, 
and also in those of nitrogen tetroxide and phosphorus penta^ 
chloride. 

1 Annalen, 165. 325. 
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If the decrease in the density of acetic acid vapour as i 
, temperature increases is regarded as due to the dissociation of 
more complex, into less complex, bodies, then we must suppose 
that at certain temperatures and pressures this vapour consists, 
for the most part, of molecules the mass of each of which is 
greater than that represented by the formula C^H^O,. Now as, 
on this hypothesis, these molecules are continuously breaking 
up into simpler groups of atoms, until the gas consists of 
CjH^Oj molecules, after which no further change occurs, it seems 
better not to apply the term molecule to the heavier groups, 
but rather to use some such expression as molecular group, or 
even particle. 

The same argument might apply in the cases of gaseous 
dissociation already considered. It might be better to speak of 
N,0^, PClg, CgHjjBr &c. as molecular groups rather than as 
molecules. 

170. A distinction of this kind has been drawn between 
compounds which readily separate into simpler constituents 
when heated, and compounds which are stable in the gaseous 
state throughout a considerable range of temperature; the 
names 'molecular compounds' and * atomic compounds' being 
used to distinguish these classes of bodies. 

The phenomena we have examined in this and preceding 
paragraphs seem to me to point to the existence of gaseous 
particles of varying degrees of complexity, and to shew that 
the more complex particles are as a rule not so stable, as 
regards rise of temperature or fall of pressure, as the less 
complex particles of the same elementary composition. 

Facts oblige us, I think, to recognise various orders of small 
particles. Theory undoubtedly points in the same direction. 
Nevertheless it is impossible to say where the so-called ' atomic 
compounds ' end and the ' molecular compounds ' begin\ 

171. The dissociation of the gaseous molecules of an 

element into atoms has been studied in the case of iodine 

vapour. The results, which are presented in the following table, 

shew that this process is strictly analogous to the dissociation 

of nitrogen tetroxide. 

^ This subject is more folly treated in the author's Principles of Chemistry ^ 
pp. 202—222. 

M. T. C. 10 
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Dissociation or Iodine Yapoub^. 
(Density calculated for formula 1^ = 8-77.) 
Pressme. Temp. I>enri^of vaponr 
8-74 



Mean percentage 
dissociation per 100^. 



760 mm. 



448« 
680 
764 
855 
940 
1040 
? (1275 
^ 41390 
. S; (1468 



8-23 
8-28 
8-07 
7-60 
7-01 
5-82 
5-27 
5-06 



6-9 

10- 2 

11- 
13-7 

8-8 



Pressure. Temp. 

760 mm. 1 
304 „ 

228 „ [ 1250" 
152 „ 
76 „ 



Density of vaponr 
(air=l). 

5-8 

5-54 • • 

5-30 • • 

507 • • 

4-72 • • 



Mean percentage dissociatioii 
per 76 mm. decrease. 



1-2 
7-1 
7-5 
13-7 



A comparison of these results with those tabulated on 
p. 126 (par. 151) for nitrogen tetroxide shews that there is no 
difference of kind between the separation, by the agency of 
heat, of more complex into less complex compound molecules on 
the one hand, and of the elementary molecule I, into its consti- 
tuent atoms I + 1, on the other hand. 

172. But as the amount of separation of a compound gas 
into its constituents by heat is in some cases nearly indepen- 
dent of pressure, so the amount of separation of the molecules 
of an elementary gas into simpler groups of atoms is also in 
some cases dependent on the pressure only within wide limits. 
Thus the density of sulphur vapour varies with the temperature, 
but at a low temperature it appears to be independent of the 
pressure*. 

Density of Sulphur Vapour (air = l). 
Pressure. Temperature. 

660° 860° 1040° about 1400" 
2-93 2-23 2-24 2-20 



440° 



760 mm. 
104 „ 
60 



520° 
6-62 



6-7 
6-3 



1 Naumann, B^r, 18. 1050, using the numbers of Crafts and Meier do, do. 
868 : also Crafts and Meier, Compt, rend, 92. 39. 

2 Troost, Compt. rend, 86. 1396. 
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The density of ozone is also independent of pressure within 
certain limits of temperature. 

For data bearing on the subjects discussed in sections II. and III. 
of this chapter see Appendix IV. 



Section IV. Solution and Hydration\ 

173. The addition of water to a concentrated solution of a 
chemical compound sometimes brings about the separation of 
the compound into two or more constituents. 

The amount of chemical change is frequently dependent on 
the relative masses of the water and the dissolved compound, 
and on the temperature. If the masses are kept constant the 
amount of chemical change, in some cases, increases as the 
temperature rises, and the original compound is re-formed on 
cooling. 

A saturated aqueous solution of ammonium acetate loses 
ammonia when a current of hydrogen is passed through it even 
at 0°, hence the solution probably contains free ammonia, and, if 
so, also free acetic acid. An aqueous solution of ferric chloride 
undergoes partial separation into hydrochloric acid and a 
colloidal soluble form of ferric hydrate ; the amount of separa- 
tion increases as the dilution increases. An aqueous solution of 
ferric nitrate is also partially separated into its constituents; 
the amount of separation increases as the temperature increases, 
the quantity of water being kept constant'. Aqueous solutions 
of chromic sulphate, chrome alum, ammonia-iron alum, potash- 
iron alum, and some other alums, appear to undergo partial 
■ildpf&ation into their constituents when heated. Some of these 
solutions yield precipitates of basic salts at moderately high 
temperatures'. 

Analogies have been traced between such changes as these 

^ It is not proposed fuUy to discuss the phenomena of solution and hydration. 
We are interested in these occurrences here in so far as they are concerned 
with thermochemical changes. 

3 For details both of methods and results see G. Wiedemann, Pogg, Ann, 
126. 1 : 136. 177. 

3 See G. B. G. Tichbome, Chem. News, 24. 202 ; 210. L. de Boisbaudran, 
Compt. rend. 79. 1491. And A. Naumann, Ber. 8. 1630. 

10—2 
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and processes of dissociation. But even the simplest case of 
so-called ' dissociation in solution ' presents much more complex 
phenomena than a case of true dissociation. The action of 
water has been compared to that of pressure ; dilution has been 
regarded as analogous to decreased pressure. In most of 
these so-called dissociations water is one of the constituents of 
the dissociating system; hence, judging from the supposed 
analogy, we should expect the process to become slower, and 
finally to stop, as the quantity of water increases. But the reverse 
of this actually occurs. The water probably exerts two actions ; 
one, which may be called physical, whereby an increase in the 
quantity of water gives greater fireedom of motion to the 
particles of the dissolved substance, and also lessenst the chances 
of combination between the separated constituents of the 
substance; and another, which may be called chemical, whereby 
an increase in the quantity of water determines the formation 
or decomposition of definite compounds which would not other- 
wise be produced. While an increase in the quantity of water 
may, in one respect, tend to increase the amount of chemical 
change, it may, in the other respect, exert an influence in the 
opposite direction. When the physical is much more marked 
than the chemical action of water, we shall have phenomena 
^ resembling those presented in gaseous dissociation \ 

174. The first part of Thomsen's third volume is devoted 
to the consideration of solution in water, and hydration, of sajts^ 

The heat of solution of a definite chemical substance is the 
total quantity of heat produced during the solution of a 
specified mass (generally one formula-weight) of that 
substance in a stated mass of water. 

The heat of dilution of a solution is the total quantity of 
heat produced during the dilution, with a specified mass of 
water, of a stated mass of solution the composition of which 
is defined. 

The heat of hydration of a compound is the total quantity 

1 See Nanmann's Thermochemief 158 — 167; and article 'Dissociation' in 
Neues Handworterbuch der Chemie, especially pp. 999 — 1002. 

3 The following pars. (174—195) are a condensed translation of Thomsen's 
book, vol. 3. pp. 3—216. 
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of heat produced during the combination of a specified 
mass of the compound with liquid water, with production 
of a definite hydrated salt. 
The initial temperature is always approximately 18* C. 

175. The following are the more important conclusions 
which Thomsen draws from his experimental results\ 

I. HeaU of solution of dehydrated salts, 

(i) Those dehydrated salts which dissolve in water with 
evolution of heat also form crystallisable compounds with water, 
or they are completely decomposed by water. All salts which 
form crystallisable compounds with water do not however 
dissolve with evolution of heat. 

(ii) Those salts which do not form crystallisable com- 
pounds with water, and are not completely decomposed by that 
liquid, dissolve in water with absorption of heat. 

The first group comprises the dehydrated haloid compounds 
of Li, Ba, Sr, Ca, Mg, Al, Zn, Mn, Fe, Co, Ni, Cu, and Sn. To 
this group belong also OdClj and CdBrg, AuCl^ and Nal ; 
K^COj ; most of the salts of sodium, e.g. the sulphate, carbonate, 
phosphate, borate, &c.; and all the dehydrated salts of metals of 
the magnesium group. 

The second group comprises the haloid compounds of K, * 
Pb, Tl, Hg, and Ag ; Cdlj and AuBrj ; and the potassium-haloid 
compounds of Pt, Pd, and Hg. 

To this group belong also most of the salts of potassium, e.g. 
the nitrate, sulphate, chlorate, dichromate &c. ; and many salts 
of Pb,Tl,and Ag. 

The two salts NaCl and NaBr belong to neither group ; 
they dissolve in water with absorption of a small quantity of 
heat; thus, 

[NaCl, Aq] = - 1,180 ; [NaBr, Aq] = - 190. 
These salts therefore do not belong to Group I; they form 
crystallisable compounds with water and therefore do not be- 
long to Group II. 

II. Heats of solution of hydrated salts. 

Most hydrated salts dissolve in water with absorption of 

1 Loc. cit. 8. 204-216, 
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heat. Some however dissolve with evolution of heat. Among 
the latter are Li^SO^H^O, BeS044H20, MnSO^SHjO ; and the 
haloid salts MgCl,6H,0, MnCl,4H,0, FeG\mfi, CdCl22H20, 
and OuCljSH^O. Thomsen supposes that those hydrated salts 
which dissolve with evolution of heat are capable of forming 
hydrates containing more water than is contained in the salt 
before solution. Thus he supposes that the salts MnClaGELjO, 
FeCljeHaO, CdClaGHaO, &c. exist under certain conditions which 
have not yet been experimentally realised\ 

176. If the differences between the heats of solution of 
analogous salts are tabulated certain well-marked regularities 
become evident'. Thus, 

E [R»SO^Aq]-[R»N"O^Aq] 

K 10,660 

Ka 10,520 

Tl 10,660 

NH^ 10,270. 

The difference has nearly a constant value. 

Again let us compare the differences between the heats of 
solution of haloid salts of various pairs of chemically analogous 
metals : — 

X [Ka«j^^ Aq] - {K'X\ Aq] 

CI 6,520 = 2.3,260 

Br 9,780 = 3.3,260 

I 12,660 = 4.3,165 

PtjClg 22,300 7.3,186 

PtjBr3 22,250 = 7.3,179. 

The differences are whole multiples of a constant, approxi- 
mately equal to 3,200. This constant appears again in the 
following difference : — 

[Li'ClS Aq] - [Ka'CP, Aq] = 19,240 = 6.3,207. 

The same constant is repeated in the following groups of 
differences : — 

S [S,Aq]-[S',Aq] 

MgCL CaCl, ' 18,510= 6.3,085 

CaCl, SrCl. 6,270= 2.3,135 

SrCl, BaCl, 9,070= 3.3,023. 

1 Loc, cit, 3. 208—209. 2 jd. loc. cit, 3. 211—213. 
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OaC16HO 
CaBr,6H,0 

CuCl, 
CuBr, 

CuCL2H,0 
OuCl,2H^O 

ZnOl, 
ZnBr 
Znl, 

A1,C1, - 



SrCl,6H0 
SrBr^GH^O 

BaCl, 
BaBr^ 

BaCl,2H,0 

CdCl 

CdBr, 

Cdl, 

AuOL 



3,160 = 
6,130 = 

9,010 = 
3,270 : 

9,140 = 
9,580 = 

12,620 = 
14,690 = 
12,270 = 

90,330 : 
54,460 = 



1.3,160 
2.3,065. 

= 3.3,003 
: 1.3,270. 

3.3,047 
3.3,193. 

4.3,155 
4.3,645 
4.3,068. 

30.3,011 
18.3,025. 



177. The following numbers shew that there are definite 
relations between the values of the heats of solution of various 
haloid salts and the atomic weights of the metals on the one 
hand, and of the halogens on the other* : — 



[BaX", Aq] 

CaX^ Ai 
MgX^, A 

T1«X^ Aq 
■K^X^ Aq 
'Na"Z«, Aql 
■Li^Z^Aq] 



X=01 

2,070 
11,140 
17,410 
35,920 

- 20,200 

- 8,880 

- 2,360 
+ 16,880 



X=Br 

4,980 
16,110 
24,510 



10,160 
380 



27,690 



- 10,220 
+ 2,440 



The heat of solution of these analogous haloid salts is greater 
the greater the atomic weight of the halogen', and, the halogen 
being the same, the smaller the atomic weight of the metal. 



■ZnZ»,Aq] 
'CuZ«, Aq" 
■CdZ^ Aq 
■pbX^ Aq 



X=. CI 

15,630 
11,080 
3,010 
- 6,800 



X=Br 

15,030 
8,250 
440 
- 10,040 



11,310 
-960 



In these cases the heat of solution is smaller the greater the 
atomic weight of the halogen, and, the halogen being the same, 
the greater the atomic weight of the metal®. 

The following chlorides exhibit heats of solution which 
increase as the atomiq weight of the more positive element 

1 Thomsen loc, cit, 3. 213—216. 

3 The potassium salts are exceptions to this statement. 

3 The copper salts form exceptions to this statement. . 
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decreases; they are in this respect similar to the chlorides of the 
alkali and alkaline earth metals : — 

M [MW,Aq] M [MCl*,Aq] 



An 

Sb 

As 

Fe 

P 

Al 



8,900 
17,600 
35,160 
63,390 
130,280 
153,690 



Sn 
Ti 
Si 



29,920 
57,870 
69,260. 



178. The difference between the heat of solution of a dehy- 
drated salt and that of the same salt combined with a definite 
quantity of water represents the heat of hydration of the 
specified hydrate. Thus consider the following numbers : — 




1 
2 
3 
4 
5 
6 
7 



[ZnSO^nH'O, Aq] 

18,434 
9,950 
7,604 
5,258 
3,513 
1,335 
- 843 
-4,260 



Hence thermal value of the combination 
n of the nth HgO. 



1 
2 
3 
4 
5 
6 
7 



8,484v 
2,346 
2,346 
1,745 
2,178 
2,178 
3,417' 



mean thermal 
" value of each 
H^0= 3,242. 



179. Thomson has examined about 40 salts in this way. 
The mean thermal value for the combination of one molecule 
(H,0) of water^ varies from 5,495 for MgOl^ to 1,125 for CdClg. 

The heat produced in a process of hydration wherein a 
solid hydrate is formed is due in part to the solidification of 
the water and in part to the chemical action which takes place. 
In every case examined by Thomson, with the exception of 
cadmium chloride, the mean heat of hydration per molecule of 
water combined was greater than the heat of liquefaction of one 
molecule (HgO) of water. 

180. But when we look at the thermal values obtained for 
the combination of each molecule of water with the different 
salts we find that these values exhibit great variations. The 
process of hydration is evidently a complicated one. 

1 That is the value of the reaction I ^—^ — I where S= dehydrated salt, and 
n= maximum number of water molecules which combine therewith, 
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Thomsen classifies the salts which he has examined in 
accordance with the number of water molecules which combine 
to form the highest hydrate. Let us consider the results thus 
obtained \ 

181. I. Hydraied salts of the general form 8 , lOHfi ; amd 

(i) Na^PjOy. lOHjO. This is the only salt examined in 
which the thermal value of the addition of each molecule of 
water is the same, viz. 2,352 units. 

(ii) Na^HPO, . 12H,0. Sum of the thermal values of first 
and second molecules* of water = 6,030. Mean value of each 
molecule from third to twelfth (inclusive) = 2,244. Mean value 
for each molecule = 2,372. The process of hydration approaches 
that of Na^PjjOy in the near equality of the thermal value of 
each molecule of water. 

(iii) Na^SO^ . 10H,O. Mean value per molecule of water = 
1,922. Value of first molecule = 2,360 ; value of each of the 
following nine molecules = 1,873. 

(iv) Na^COg. lOHjO. The values of the various molecules 
of water shew great diflferences. The first has a larger value 
than any other, viz. 3,382 ; then follows the second = 2,234 ; then 
come six molecules arranged in three pairs the value of each 
pair being only very little different from that of any other, thus, 
third and fourth = 2 x 2,129, fifth and sixth = 2 x 2,076, seventh 
and eighth = 2 x 2,118. Finally the ninth and tenth molecules 
have smaller values than any of the others, viz. 2 x 1,764. 

182. II. Salts of the general form 8 . 6Hfi ; 8 . 4JJ,0 ; and 
S,2H,0. 

The salts examined were these : — 

1 Loc. ciU 3. 168—181. 

^ The expression 'thermal value (or sometimes simply value) of the first 
(or second <fec.) moleoule of water ' will be used. The exact meaning of this 
phrase is * the number of gram-units of heat produced during the formation of the 
hydrate S.HgO from the salt S and B^O, or of the hydrate S.2H2O from the 
hydrate S . HgO and HjO, or of the hydrate S . SHgO from the hydrate S . 2H2O and 
H2O, where S=the formula-weight of the specified salt in grams, and 
HgOslS grams of liquid water.' It should not be forgotten that a process or 
operation is ooiiQoted b^ the expression 'tberms^ vt^lue pf $t water molecule,' 
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Na,PtCl..^H,0 SrOl.. 6H O 

K,Mg(SO,).. 6H,0 SrBr,. 6H,0 

K.Zn(SO j,. 6H.0 CaCl,. 6H,0 

K.Cu(SOJ.. 6H O MgCl,. 6H,0 

K.Mn(SOJ.. 4H.0 BaCl,. 2H,0. 

The hydration of the five double salts presents the phenomena 
summarised in the following table. 

Thermal value of the combination of the nth molecule of HgO. 

n Na^PtCl, B;Mg(SO^ KZn(SOJ, K,Cu(SO0, KJM[n(SO,), 

11 
2 
3 
4 
5 
6 



2.4,320 


2.4,930 


2.3,731 


2.5,303 


2.4,648 


2.2,540 


2.2,950 


2.2,728 


2.2,993 


2.1,760 


2.2,725 


2.2,430 


2.3,445 


2.3,186 




19,170 


20,620 


19,808 


22,964 


12,816. 



The thermal phenomena accompanjdng the hydration of the 
chlorides belonging to this group are presented by Thomson as 
follows : — 

Thetmdl value of the conibvnation of the nth molecule of HjO. 



n 


SrCl, 


SrBr, 


CaCl. 


Bad, 


MgOli 


1 

2 


5,260 
3,800 


6,150\ 
3,800; 


7,440 


3,170) 
3,830|. 


20,940 


31 
4 
5' 
6^ 


2.2,460 
2.2,330 


2.3,100) 
3,160}. 
4,020) 


14,310 


=} 


2.4,370 
3,290 


Sum 18,640 


23,330 


21,750 


7,000 


32,970. 



The hydration of the double salts in this group is character- 
ised by great symmetry ; the water molecules seem to be com- 
bined in three pairs, the thermal value of the first pair being 
much greater than that of the succeeding pairs. The haloid 
salts of this group do not exhibit this symmetry so fully as the 
double salts; the value of the first molecule of water is generally 
greater than that of the second. 

183. III. Salts of the general form 8.7Hfi; and 8.5Hfi. 

The salts examined were MgS0^.7H,0, ZnS0^.7H,0, 
CuSO^ . 5H,0, and MnSO^ . 5H,0. The results are these :— 
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Ther-mdl value of the combination of the nth molecule of H^O. 

n MgSO^ MnSO, ZnSO, OuSO, 

1 6,980 5,990 8,480 6,460 

1,600| 

2.1,980J 



2 2,300 
31 



2.3,400 



2.2,346 2.3,250 
1,745 2,180 



2.2,170 I 2.2,178 

7 3,660 ■— 3,418 



Sum 24,080 13,750 22,690 18,550. 

Here we see that the value of the first molecule is much 
greater than that of any of those which succeed it. The value 
of the last molecule (in the case of MgSO^ and ZnSO^ the 
seventh, and in that of the other two salts the fifth) is greater 
than that of any other except the first. Each heptahydrated salt 
contains two pairs, and each pentahydrated salt one pair, of 
water molecules, the thermal value of the combination with the 
rest of the salt of each molecule in any of these pairs being 
equal to that of the other molecule in the same pair\ 

184. When an acid, an alkali, or a salt, is dissolved in water, 
is a hydrate, or a series of hydrates, produced? Does the 
evolution of heat during solution, or dilution, necessarily point 
to the formation of chemical compounds ? 

Such questions as these are considered by Thomson in the 
first part of his third volume. The data accumulated repre- 
sent the thermal values of the solution and dilution of 9 acids, 
3 alkalis, and 35 salts'. 

Let us take one or two typical cases and treat them in some 
detail 

185. Sulphuric Aero. 

(i) Heat of solution of the anhydride SOg. 

m [S0^7^H^0] m [SOW«0,H»0] 

0-5 12,010 21,320 

1 21,320 1 6,379 

2 27,699 2 3,039 

3 30,738 3 1,719. 
1600 39,165 

1 In connection with these resnlts see Pickering, (7. S, Joumalj Trans, for 
18M. 686 ; and 1885. 100. 

^ For an account of the experimental methods and the necessary calculations 
see Thomsen loc, cit, 3. 39 — 13. 
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These numbers shew that rather more than one-half of the 
heat produced by adding a practically infinite quantity of water 
to the anhydride SOj is produced by the addition of the first 
molecule of water; and also that the addition of the second 
molecule of water produces less than one-third of the quantity 
of heat produced by the addition of the first molecule. Hence 
there can be little doubt that the product of the mutual action 
of SOj and H^O, in the proportion expressed by these formulae, 
is a definite hydrate. This conclusion is confirmed by the 
preparation of the definite hydrate in question, viz. H^SO^. 

(ii) Heat of dilution of the liquid hydrate H^SO^. 

1 6,379 49 16,684 

2 9,418 99 16,858 

3 11,137 199 17,065 
5 13,108 399 17,313 
9 14,952 799 17,641 

19 16,256 1599 17,857. 

These numbers are thrown into the form of a curve in the 
plate facing p. 158. The curve AB gives the thermal value of the 
addition of water up to 20 molecules, the abscissae representing 
numbers of water-molecules and the ordinates gram-units of heat 
evolved. The heat of dilution for 20 to 200 molecules H^O is 
shewn by the curve ah where the abscissae are on a reduced 
scale. The curve shews no appearance of any irregularity which 
one would expect to find were a definite hydrate formed by 
dilution. The heat of dilution approaches a maximum and 
appears to be a hyperbolic function of the quantity of water. 
Such a function may be most simply expressed by the formula 

nC 
n + r 

where C and r are two constants for which approximate values 
may be obtained The following values for these constants are 
obtained from the first five numbers in the preceding table : — 

(7=17,860 
r = 1-7983. 

This formula may then be applied to calculate the value of 
the heat of dilution of sulphuric acid for different masses of 
water, 
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Thus if y = heat of dilution for n H,0 we have 

^ 7t. 17,860 
^ 71 + 1-7983 • 

The following table presents the calculated and observed 
results up to a dilution of 20 molecules H,0 : — 

[HW,«H»0] 



n observed ccdculated difference 

1 6,379 6,382 - 3 

2 9,418 9,404 +14 

3 11,137 11,167 -30 
5 13,108 13,135 -27 
9 14,952 14,886 +66 

19 16,256 16,315 -59 



1599 17,867 17,840 +17. 



When w = 00 the formula gives the heat of dilution as 17,860 
units, which is practically identical with the number obtained 
when n = 1599; nevertheless if the observed values for 60, 100, 
200 &c. molecules H^O are compared with the values calculated 
by the formula considerable differences are evident. Thus, 



n observed calculated differeme 

19 16,256 16,315 - 59 

49 16,684 17,228 -544 

99 16,858 17,541 -683 

199 17,065 17,701 -636 

399 17,313 17,780 -467 

799 17,641 17,821 -180 

1599 17,857 17,840 + 17. 



Thomson thinks that these differences are to be accounted 
for by the very probable supposition that the production of heat 
is the accompaniment of (1) the action of the water on the 
acid; and (2) the contraction in the volume of the liquid, 
whereby heat is produced in accordance with a law different 
from that which expresses the production of heat in the first 
action. 

There can be little or no doubt however that these results 
point to the non-formation in aqueous solutions of SO3 of definite 
hydrates, except that one the composition of which is expressed 
by the formula H^SO^. 
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186. Nrrmc Acid. 

The heat of dilution of the acid HNO3 ^ mole- 

cules H,0 agrees very closely with that calculated by means of 
the formula 

_ n. 8,974 
^ n + 1-737 • 

The constants 8,974 and 1'737 are obtained from experimental 
results. 

The following table presents the observed and calculated 
values of the heat of dilution : — 



[HNO», nK'O] 



n 


observed 


calcuUUed 


difference 


0-5 


2,005 


2,008 


- 3 


10 


3,285 


3,285 





1-5 


4,160 


4,160 





2-0 




4,808 




2-5 


5,276 


5,301 
5,690 


-25 


3 


5,710 


+ 20 


4 




6,266 




5 


6,665 


6,668 


- 3. 



On further dilution the observed numbers are rather smaller 
than the calculated, but the value of the heat of dilution scarcely 
increases after the addition of five molecules H^O. Thus for 20 
molecules it is equal to 7,458, and for 320 molecules it is 7,493 
units. 

The foregoing results are represented graphically in the 
curve AG in the plate facing this page. The heat of dilution 
is a continuous function of the quantity of water added ; there 
are no irregularities such as would point to the production of 
definite hydrates of HNOj. 

187. Phosphoric Acid. 

Thomson's results are represented by the curve AD in the 
plate. This curve is analogous to those for the two acids already 
considered. There is no evidence of the formation of any definite 
hydrate of H3PO,. 

The curve AE (plate facing this page) represents the heat of 
dilution of alcohol. This curve closely resembles the curves for 
the acids H^SO^, HNO3, HgPO^. There are certainly no 
hydrates formed when alcohol is diluted with water. 
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188. Hydrochloric Acid. 

The heat of dilution of a concentrated aqueous solution of 
hydrochloric acid, with a quantity of water varying from 2*62 to 
200 molecules H^O for each molecule HCl, follows the same law 
as that observed in the cases of sulphuric and nitric acids. 
Tbomsen's results however point to the existence of a definite 
hydrate containing hydrochloric acid and water in the proportion 
HCl.H^O. 

The formula already given representing the heat of dilution 
of an acid as a continuous hyperbolic function of the quantity 
of water added, viz. 

^ n.G 
^ n + r' 

will assume the following form if an aqueous solution of an acid 
containing n molecules H^O for each molecule acid is diluted 
with m molecules H^O : — 

^«+m i^n ^_|.^_|.^ n+rj \n + r n + m + rj 

If m is made very large the heat of dilution will approximate 

to the value . 

n + r 

The experiments with hydrochloric acid shew that when m 
is very large the heat of dilution is nearly inversely proportional 
to the quantity of water originally present; that is to say, the. 

G 

heat of dilution of the acid HCl . /I'H^O is equal to ^ . The 

two expressions and ^ become identical only when n<7i'; 

that is when a portion of the water originally present, n\ is 
regarded as present not in the form of water but in definite 
combination with HCl. 

Now other experiments conducted by Thomsen* have esta- 
blished a considerable probability in favour of the hypothesis 
that an aqueous solution of hydrochloric acid contains the 
hydrate HCl.HjO. Assuming the existence of this hydrate, 

rC 

it follows that n = ti' — 1, and the two expressions and 

n + r 

1 See loc. cit. 2. 430—444. 
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Q 

^ become identical when the constant r is' taken as equal to 
unity. , 

The experimental results give the value of the other constant 
C as 11,980. The heat of dilution of the acid HCl . w'H^O with 
m molecules H^O is then expressed by the equation 

y={\ r^Vl'^SO; 

^ \n n +m/ 

where y = [HCl . w'H'O, mffO]. 

The following table exhibits the observed and calculated 

values of y : — 

[HCl.w'H'O, mH»0.] (Temp. 15^— 18^-5.) 



n' 




observed 


. 


difference 






calculated 




2-618 


51-1 


4,285 
4,372 


4,343 


-58 


2-618 


91-7 


4,456 


-84 


2-672 


56-6 


4,272 


4,271 


+ 1 


3-206 


71-2 


3,587 


3,569 
3,541 


+ 18 


3-206 


61-3 


3,545 


+ 4 


3-535 


74-1 


3,296 


3,228 


+ 68 


3-535 


85-6 


3,320 
2,157 


3,249 


+ 71 


5-023 


51-8 


2,144 


+ 13 


5-023 


49-7 


2,153 


2,154 


- 1 


10 


50 


925 


956 


-31 


25 


50 


213 


240 


-27 


50 


100 


116 


120 


- 4 


50 


200 


196 


180 


+ 16. 



The small diflferences between the observed and calculated 
values of the heat of dilijftion shew that the hypothesis that an 
aqueous solution of hydrochloric acid contains the hydrate 
HCl . HjO is very probable\ 

The formula given above for finding y would represent the 
heat of dilution of one molecule gaseous HCl with 300 H^O as 
equal to 11,940; the value actually observed by Thomson was 
17,316 units. The difference, 5,376 units, represents the thermal 
value of the absorption of one molecule gaseous HCl by water 
with formation of the liquid hydrate HCl . H^O. 

The numbers obtained for the heats of dilution of HBr and 
HI point to the existence of the hydrates HBr . H^O and HI . H^O 
respectively. 

1 For more details see Thomsen, loc, eit, 3. 11 — 13 ; and 68 — 72. 
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189. Acetic Acid. 

The variation of the heat of dilution of pure Gfifi^ with 
varying quantities of water shews great differences from the 
results observed in the four preceding cases. The following table 
presents Thomson's results* : — 





0-5 


1 


1-5 


2 


4 


8 


20 


50 


100 


200 





-130 


-162 


-165 


-156 


-111 


- 2 


+ 173 


278 


335 


376 


0-5 




- 22 


- 35 


- 26 


+ 19 


+ 128 


303 


408 


465 


506 


1 






- 13 


- 4 


+ 41 


150 


325 


430 


487 


527 


1-5 








+ 9 


54 


163 


338 


443 


500 


540 


2 










45 


154 


329 


434 


491 


531 


4 












109 


284 


389 


446 


486 


8 














175 


280 


337 


377 


20 
















105 


162 


197 


50 


















57 


94 


100 ' 




















40 



These results are represented graphically^ in the curves on 
p. 162. AB shews the heat of dilution of G^B.fi^ with B.fi vary- 
ing from 0*5 to 20 molecules ; A'B shews the heat of dilution 
with TS.fi varying from 0*5 to 200 molecules, the abscissae being 
10 times smaller than in AB. 

These results shew : 

(1) That heat is absorbed on dilution of liquid Gfifi^ with 
water until the amount of water add. d exceeds the proportion 
ofC,H,0,:8H,0. 

(2) That the maximum heat-absorption, viz. 165 units, 
occurs when the acid and water are mixed in the proportion of 
Cfifi^ : 1-5H,0. When water is added to G^Rfi^ . liH,0 heat 
is evolved. 

(3) That heat is evolved when the quantity of water added 
exceeds the proportion Gfifi^ : SH fi, and that the quantity of 
heat evolved increases regularly with increase of the water; 
when 200 H^O is added to G^Ufi^ 375 units of heat are evolved. 

1 Loc. cit. 8. 78. 

* This and the preceding graphic representations are taken from Thomsen's 
Untersuc hung en, 

M. T. C. 11 
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If a solution containing acetic acid and water in the pro- 
portion CjHPj : liH^O is diluted to O.H^O, . 200H,O, 640 unite 
of heat are evolved; whereas if the liquid acid 0,H^Og is it- 
self diluted to C,H,0, . 200H^O only 375 thermal unite are 
evolved. 

Although the quantity of heat absorbed on dilution of 
CjH^Oj reaches a maximum when molecules of water are 
added, yet it is almost certain that no definite hydrate is formed 
having the composition O^H^Oj. l|HjO. The heate of dilution 
of C,H,0,.H,0 and 0,H,0j.2H,0 are nearly the same aa that 
of CjH^Oj.l^HjO; further the quantity of heat absorbed on 
adding ^H^O to C^H^Oj is 130 units, whereas the quantity pro- 
duced on addition of the second, third, and fourth ^H^O is only 
— 22, — 13, and + 9 units respectively, so that the total increase 
in the quantity of heat absorbed when the water increases from J 
to 1^ molecules is only 35 unite. 

When liquid acetic acid is diluted with water contraction 
occurs. The following numbers* shew that the amount of con- 
traction increases as the quantity of water increases, and ap- 
proaches a maximum of about 4*8 c.c. 

Volume of C,Hp, grams {20^) = 57-30 cc; addition of ajH^O 
grams causes contraction of 



a; = 0-5 


1 


2 


3 


4 


8 


1-52 


2-26 


3^1 


3-59 


3-97 


4-27 c.a 



Now contraction of volume is accompanied by evolution of 
heat : but the contraction which occurs on addition of water to 
acetic acid is accompanied by absorption of heat until 8H,0 is 
added to CgH^Oj, and then by evolution of heat. 

The contraction in the case of acetic acid is very nearly 
represented by the formula 

_ n.4-8 

where c = contraction, and n = number of molecules of H^O 
added to one molecule of C^H^Oj. Now putting specific 
gravity = S, we have 

g weight 
volume ' 

1 V. Reiss, Wied. Ann. 10. 296. 

11—2 
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and in the case before us (OjH^O, = 60) 

Q 60 + ISn 

57-30 + 18.1-0018\n - 

n+1'1 

Hence the specific gravity of an aqueous solution of acetic acid is 
a complex function of n, that is of the number of molecules of 
water added to the acid. By diflferentiating, a maximum specific 
gravity is found when n=l*02, which agrees very well with the 
observed numbers. But this maximum is chiefly conditioned 
by the contraction, and not by the chemical composition, of the 
liquid. Hence, Thomsen concludes, the contraction of volume 
which occurs when acetic acid is diluted with water is a physical 
phenomenon and does not indicate the formation of any hydrate* 
ofC,H,0,. 

190. Formic Acid, and Tartaric Aero. There is no indica- 
tion of the formation of hydrates in either case. The heat of 
dilution of formic acid is + 124 for iB.fi, and + 172 for H^O. 
The heat of dilution of a solution of O^HgOg . 6H.fi is a negative 
quantity', the value of which varies from — 3,240 for GHjO, to 
- 3,596 for 200 H,0. 

191. Thomsen has studied the heats of dilution of the three 
alkaline solutions* 

KOH . 3Kfi, NaOH . 3H,0, and NH3 . 3H,0. 
The heat of dilution in each case is a positive quantity; 
that of NH3 . 3H,0 is very much smaller than that of KOH . 3H,0 
or NaOH . SHfi. There is no indication of the formation of a 
hydrate in any of these solutions*. 

192. When a dehydrated salt is dissolved in water and the 
solution is diluted it is possible that a hydrate (or hydrates) may 
be at first formed and then again separated into salt and water. 
The questions to be considered in examining the numbers repre- 
senting the heats of solution and dilution of salts are thus two®: — 

1 1-0018 = vol. at 20« of Ic.c. water taken at 49. 

2 See further Thomsen, loc. cit. 8. 13—15 ; and 77—80. 

3 See for fuller details Thomsen, loc. cit. 3. 15 ; and 80—82. 

* The hydrates KOH . SHaO, and NaOH . SB.jO are chosen as starting points 
because these hydrates are liquid at ordinary temperatures. 
Loc. cit. 3. 16 ; and 82—86. 
« Thomsen, loc. cit. 3. 20 — ^34. 
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(i) Does a partial decompositioii occur when a saline solu- 
tion is diluted ? 

(ii) Does the aqueous solution of a specified salt contain 
definite compounds of that salt and water ? 

193. I do not propose to consider Thomson's results in 
detail but rather to give a condensed translation of his conclu- 
sions (loc, cit 3. 28—34). 

We have already had before us Thomson's classification 
of dehydrated salts in accordance with the positive or negative 
values of their heats of solution (see par. 175). Of the 35 salts, 
solutions of which Thomson has examined with regard to their 
heats of dilution, 18 form crystallisable compounds with water\ 
dissolve in water with evolution of heat, and exhibit positive 
heats of dilution. The 18 salts in question are these : — 

CaCl,, MgCla, ZnCl„ NiCl,, CuOl,; K0,H3O„ NaC.H.O,, (NH,) 
CHsOj, Zn(0,H30,),; MgNA, MnN^O^, ZnN^, CuNA; NaHSO^, 
MgSO^, MnSO^, ZnSO^, CuSO^. 

Of the remaining 17 salts examined, 11 dissolve in water 
with absorption of heat, exhibit negative heats of dilution, and 
do not form crystallisable compounds with water at the ordinary 
temperature. The salts are these : — 

NaCl, (NHJCl, KBr, KON; (NH,)« SO^; (NH,)HC03; NaNO,, 
(NH,)N03, SrNA, PbNA; (NHJAHA. 

There is evidently then a definite connection between the 
heat of solution of a dehydrated salt and the heat of dilution of 
an aqueous solution of the same salt. 

194. The heats of dilution of the following four salts are 
negative, although these salts form crystallisable compounds 
with.water and dissolve in water with evolution of heat: — K^COg, 
NagCOg, Na^SO^, Nal. Now when a salt forms a definite crystal- 
lisable hydrate, and also dissolves in water with evolution of 
much heat, Thomson thinks there can be little doubt of the 
existence of a hydrate (or hydrates) of that salt in an aqueous 
solution of the salt. But we have scarcely any data for finding 

1 Except NaHS04 which is decomposed by water, and KOaHjOj and (NH^) 
CgHjOg which are very soluble in water at ordinary temperatures. 
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the composition of the hydrate or hydrates in such a solution*. 
Thomson thinks it is probable that a salt in aqueous solution 
cannot combine with a greater number of molecules of water than 
are already combined with the acid and the base which by their 
union produce the salt. If this hypothesis is adopted the extent 
of hydration of a salt in aqueous solution must be conditioned by 
the nature both of the acid and the base. Hence it is quite 
possible that the constitution of dilute aqueous solutions of two 
salts may be different, although both form definite crystallisable 
compounds with water, and both dissolve in water with evolu- 
tion of heat. 

195. There yet remain two salts of the 35 examined by 
Thomson, which exhibit negative heats of dilution, viz. 

KHSO4 and (NHJHSO^. 

But Thomson has shewn that aqueous solutions of these salts, as 
well as of other acid sulphates, are decomposed by water, into 
neutral sulphate and free acid*. The heats of dilution of solu- 
tions of KHSO^ and (NHJHSO^ are doubtless complex 
functions of the heats of dilution of the constituents of these 
solutions, viz. K,SO^, or (NHJ,SO^, and H,SO^. 

196. Considering the whole of his investigation on the 
heats of solution and dilution of acids, alkalis, and salts, 
Thomson says that the results he has obtained are altogether 
opposed to the supposition that aqueous solutions of these 
compounds contain various hydrates differing in composition 
according to the quantity of water present'. His results rather 
point to the hypothesis that when an acid, an alkali, or a salt; 
dissolves in water, either a hydrate is formed and dissolved as 
such, or the compound is dissolved without combination with 
water ; and that an increase in the quantity of water does not 
affect the chemical composition of the solution. At the same 
time the dilution of concentrated solutions of salts, alkalis, and 
acids, is always accompanied by evolution or absorption of heat. 

^ The necessary data wonld inyolve determinations of the specific gravities, 
specific heats, transpiration-coefficients, refractiye energies, and other physical 
constants, of the solutions in question (Thomsen, 3. 32). 

> See loc. ext. 8. 30 : also 1. 132—141. 

» Loc, cit, 8. 32. 
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The value of this thermal change always varies with variations 
in the quantity of water of dilution, and this variation, whether 
positive or negative, seems to have the character of a hyperbolic 
function of the quantity of water added. 

The cause of the variations in the values of the heats of 
dilution is therefore probably one and the same for all* the 
solutions examined. 

Thomson would find this common cause in changes of the 
states of motion of the particles of the solutions. When two 
liquids mix without any tendency to separation, it is suggested 
that such changes in the motions of the two kinds of particles 
occur as result in the formation of a homogeneous liquid, the par- 
ticles of which are in equilibrium because the mean motions of 
the different kinds of particles are the same. But this mutual 
accommodation {Accomodinmg) of the particles is accompanied 
by a transference of energy from one kind to the other. In 
these transferences of energy Thomson finds the cause of the 
thermal changes, positive or negative, which always attend the 
dilution of aqueous solutions of acids, alkalis, or salts. 

197. Whether the explanation suggested by Thomson of 
the cause of the thermal changes which occur when water is 
added to saline solutions is or is not to be accepted must 
depend on the results of further investigations. The generally 
adopted ' hydrate theory ' of solution can scarcely be expected 
to survive the dissemination of Thomson's researches. 

198. This theory has also of late been shewn to be un- 
tenable in a series of important papers on the nature of 
solution by W. W. J. Nicol\ A detailed consideration of the 
contents of these papers would lead us too far afield ; we may 
however glance at a few of the points which have a definite 
connection with thermal chemistry. 

The solution of a salt in water is usually (but not invariably) 
accompanied by contraction ; in other words, the specific gravity 
of the solution is usually greater than that calculated from the 
known specific gravity of the solid salt and that of water. If it is 

1 Proc. R.S,E, 1881-82. 819 : Phil. Mag, (5) 15. 91: C, 8. Journal, Trans, for 
1883. 136: Phil. Mag. (6) 16. 121 ; do. (5) 17. 160; do, (6) 17. 137; do. (5) 18. 
179 ; do. (6) 18. 364 : Ber. 17. 492. 
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assumed (as has been done) that this contraction occurs only in 

the water, we can calculate the quantity of heat which must be 

evolved by the operation, and we can then compare this with 

the observed thermal value of the solution of the salt. The 

following numbers are given by Favre and Valson^: — 

[S, Aq] Heat produced by contraction Thermal Talne of the 

S if this occnrs only in the water. complete operation. 

SrBr-.6HO 31,820 - 6,220 

CuSO,.5HO 125,760 - 2,580 

SrN O . 4H O 63,640 - 12,830 

Na,I,. 4H,0 66,670 - 14,770. 

If we accept this interpretation of the contraction which 
usually occurs during solution, we must be prepared to modify 
our prevalent conceptions regarding solution, and the argu- 
ments bearing on the chemical composition of saline solu- 
tions which are founded on these conceptions. But Nicol 
has shewn that the total contraction observed in a saline 
solution increases as the quantity of salt in solution increases, 
but at the same time the amount of contraction produced by 
each successive formula-weight of salt added is less than that 
produced by the preceding formula-weight. NicoFs experi- 
ments also shew that when the solubility of a salt increases 
considerably as temperature increases the contraction on solu- 
tion is less at high than at lower temperatures; but that 
contraction is nearly independent of temperature when solu- 
bility is also nearly independent of temperature. Now if a 
large portion of the total heat of solution of a salt is due to 
contraction of the water, the heat of solution should be less at 
high than at low temperatures when the contraction is less, and 
should be nearly independent of temperature when the solu- 
bility is independent of temperature. But Berthelot has found 
that the heat of solution of a salt is, as a rule, greater at high 
than at low temperatures*. Even when two saline solutions 
are mixed without the occurrence of chemical action, — e.g. 
solutions of potassium and sodium chlorides, or a concentrated 
solution of one of these salts with a less concentrated solution 
of the same salt, — contraction sometimes occurs unaccompanied 
by any thermal change^. 

1 Compt. rend, 77. 679 ; see also Nanmann*s Thermochemie, 353 — 6. 

2 Ann, Chim, Phys. (6). 4. 28. 3 See Nicol, C, S, Journal, Trans, for 1883. 135. 
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It is scarcely possible then to assign the total contraction 
noticed on solution to the water alone. It is much more likely 
that the contraction is due to the mutual actions of the particles 
of water and of salt. Nicol developes a theory of solution 
founded on this conception of mutual attractions between (1) 
water and water particles, (2) water and salt particles, and (3) 
salt and salt particles. 

Now the attraction of salt particles for salt particles may be 
lessened by fusion ; and we have already learned (an^e, par. 131) 
that the. quantity of heat absorbed on solution of a salt after 
fusion and rapid cooling is generally less than that absorbed 
when the salt is dissolved before fusion. In this case there is 
less mutual attraction between the particles of the salt after 
fusion than before; hence less work has to be done by the 
water in separating the particles ; and hence there is less loss 
of energy to the system of water and salt. 

Again the greater the quantity of salt in solution the smaller 
will be the result of the attraction of dissimilar particles (water 
and salt), and the greater the result of the attraction of 
similar particles (salt and salt) ; hence the amount of contraction 
produced by each successive particle of salt should be less than 
that produced by the preceding particle. Experiment con- 
firms this anticipation. Once more if change of temperature 
largely modifies the solubility of the salt, it will also largely 
modify the results of the various attractions; in other words 
the contraction on dilution of salts whose solubility varies much 
with temperature will be largely aflfected by changes of 
temperature. This is confirmed by experimental results. 

Any condition which increases the attraction of the water- 
particles for the salt-particles will increase the solubility of the 
salt; as the quantity of salt in solution increases, the attraction 
of salt-particles for salt-particles will increase ; when these two 
attractions are balanced the solution will be saturated. 

Increase of the quantity of water will increase the attraction 
of water-particles for salt-particles, and decrease the mutual 
attraction of salt-particles. But this change will be accompanied 
by changes of motion of the particles and hence by changes of 
energy. Hence dilution of a saline solution must be attended 
with some thermal change until so much water is present that 
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addition of more has no sensible effect on the attractions of the 
different kinds of particles present. 

199. The heat of hydration of a solid salt, — that is, the 
quantity of heat produced by the combination of a specified 
mass of water with the quantity of the salt expressed by its 
formula to produce a definite hydrated salt, — is evidently a 
complex function of the nature of the salt and the number of 
molecules of water combined (see pars. 179 — 183). No hydrated 
salt examined by Thomson, with the single exception of 
Na^PaO, . lOEEjO, exhibited identical thermal values for the 
combination of each molecule of water. 

The difference which is commonly expressed in the terms 
' water of constitution * and ' water of crystallisation ' is evidently 
a real difference, but, in so far as we may judge from thermo- 
chemical data, it is strictly a difference of degree and not of 
kind. What may be called water of constitution in one salt 
must be termed water of crystallisation in another. Like most 
expressions used in chemistry for marking off classes of pheno- 
mena, these terms have been employed in too absolute a 
manner. Does the difference implied in the terms in question 
continue when salts are dissolved in water? This question 
has been considered in pars. 184 — 196. 

Thomson has undoubtedly done a piece of most excellent 
work in his thermal study of the phenomena of solution and 
dilution. He has cleared away a number of false conceptions 
which have been very harmful in thermochemical speculations. 
It may be, as suggested by Nicol, that an aqueous solution of a 
hydrated salt does not, as a rule, contain the hydrate as such. 
At any rate Thomson has proved that hydrates are not usually 
present in aqueous solutions of acids and salts ; and moreover, 
and this is most important, that dilution of such solutions does 
not produce hydrates, nor does addition of water to a solution 
containing a hydrate tend to produce other hydrates. 

Thomson's investigations, like those of Nicol, establish the 
fact that large thermal changes may be the accompaniments of 
physical actions even in circumstances where we should at first 
sight interpret the thermal changes as indices of chemical 
actions. 

Finally a study of the thermochemical researches summarised 
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in the paragraphs of this section convinces us that in dilute 
aqueous solutions of acids, alkalis, and salts, the mutual attrac- 
tions between this kind of particles and that, and the trans- 
ferences of energy between the different kinds of particles, have 
resulted in the production of homogeneous liquids which are 
chemically comparable. Hence trustworthy conclusions regard- 
ing the mutual chemical actions of the constituents of such 
liquids may be drawn from measurements of the thermal 
changes which occur when the liquids are mixed. This 
conclusion has an important bearing on many thermochemical 
investigations, e.g. on Thomsen's investigation of the relative 
affinities of acids. 

For data regarding solution, dilution, aud hydration see 
Appendix V. 
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200. Every chemical reaction consists of two parts; a trans- 
formation of matter, and a transformation of energy. The transfor- 
mation of energy is measured by the quantity of heat evolved or 
absorbed in the passage of the changing system from one definite 
state to another, provided the conditions are so arranged that 
all the energy entering or leaving the system shall enter or leave 
in the form of heat. The transformation of matter, so far as it 
is a chemical transformation, is measured, when we know the 
masses and composition of the constituents of the system in the 
initial state, and the masses and composition of the constituents 
of the system in the final state. But proceeding along with 
the chemical transformation there is usually, if not always, a 
physical change. The transformation of energy is the accom- 
paniment of the total material change whether chemical or 
physical. It is generally difficult, and sometimes at present 
impossible, to separate the change of energy into two parts and 
say, this part belongs with the chemical change of matter, and 
that with the physical. And if this separation can be made, a 
difficulty yet remains. The greater number of the thermal values 
of chemical operations must, in the present state of science, be 
interpreted almost apart from any definite theory of the structure 
of inatter. The properties of a material system are conditioned 
by certain variables of which chemical composition is one. 
Now in modem chemistry the expression 'chemical com- 
position' means a great deal; it means much more than a 
statement of the masses of the elements in a specified mass of 
a compound. The only theory of chemical composition which 
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has been found of scientific value is that which regards any 
portion of a specified kind of matter as composed of small 
particles, each of which is itself a structure. Chemical com- 
position as understood by this theory implies the conceptions of 
the molecule and the atom: a knowledge of the composition 
of a chemical compound means a knowledge of the nature, 
number, and relative arrangement, of the atoms in the molecule 
of that compound. By relative arrangement of the atoms in 
the molecule we mean, at present, two things : — 

(1) The actual valency of each atom, that is, the number 
of atoms between which and each specified atom there 
is direct mutual action ; 

and 

(2) The distribution of the interatomic reactions in the 
molecule. 

These two things do not exhaust the connotation of the 
expression ' relative arrangement of atoms in the molecule ' but 
they indicate, I think, all that has as yet been practically 
included in that expression. 

But the theory of the grained structure of matter has been deve- 
loped firom the study of gaseous phenomena, and can be strictly 
applied in its present form only to gases. On the other hand 
the majority of the chemical reactions for which thermal values 
have been hitherto determined are reactions between liquids 
and solids or between liquids and liquids. For this reason, if 
for no other, these thermal data must be interpreted to a great 
extent in terms other than those of the molecular theoiy. 
There may be, and there probably will be, a theory of the 
structure of liquids and solids developed on lines similar to 
those of the molecular theory of gases ; but this theory is in 
the future. If we now apply the conceptions of the molecule 
and molecular structure gained by the study of gases to explain 
the phenomena of liquids and solids we must be careful to do so 
only in a wide and general manner. 

Let us then look at some of the thermal values of chemical 
reactions with the view of finding what general interpretation 
may be put upon them, or what light they throw on the study 
of chemical change. 
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Section I. Tlie 'km of maanmim work'. 

201. The total thermal value of a specified chemical 
operation, as we have again and again seen, represents the sam 
of many thermal changes, some of which are probably positive 
and some probably negative. Moreover the total value is 
generally conditioned by the temperature at which the chemical 
operation takes place, and by the physical changes,-^such as 
change of state from liquid to solid or vice versa, change of 
volume or of pressure &c., — which generally, or we may almost 
say, which always, accompany a chemical change. 

If then it is granted, on the one hand, that the quantity of 
heat lost, or gained, by a chemical system in passing from a 
specified initial state to a specified final state measures the 
quantity of energy lost or garued by the system, and if it is 
granted that the difference between these quantities of energy 
is an index of the relations of the properties of the system in 
the two states; it follows that thermal measurements must 
help us to understand chemical operations, because they must 
help us to regard these operations as the material accompani- 
ments of definite gains or losses of energy. 

But, on the other hand, if these gains or losses of energy 
are accompanied by changes or operations which we call 
physical, as well as by those we call chemical (and which we 
are especially desirous to study), it must be impossible to lay 
down any very precise generalisation regarding the connections 
between changes of energy and the purely chemical portions of 
operations, whereiu the chemical and the physical are so 
interwoven. 

202. But, as I take it, Berthelot has fallen intg this 
mistake in his statement of the ' law of maximum work which 
runs thus*: — 

" Every chemical change accomplished without the addition 
of energy from without tends to the formation of that body 
or system of bodies the production of which is accompanied 
by the evolution of the maximum quantity of heat." 

^ M4c. Chim. 1. xxix. 
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This 'law' is stated by Berthelot in a more rigid fbrm as 
the 'theorem of the necessity of reactions', thus*: — 

" Every chemical change which can be accomplished without 
the aid of a preliminary action or the addition of energy 
from without the system, necessarily occurs if it is accom- 
panied by disengagement of heat." 

203. We at once inquire: what is 'a chemical change 
accomplished without the addition of energy from without the 
system'? Is such an occurrence possible? Most chemical 
changes are started by adding heat to the system ; some only 
begin when the system is acted on by light or electricity. Can 
any chemical change be separated from accompanying physical 
changes ? A considerable portion of the thermal change which 
occurs when an acid, alkali, or salt, dissolves in water is certainly 
due to physical processes, even when there may be a definite 
chemical action between the salt and the water. 

204. It is sometimes urged against the ' law of maximum 
work ' that a chemical change, the thermal value of which is a 
positive quantity, does not occur. But in most cases of this 
kind strict examination shews that the thermal value of the 
change in question has been determined by very indirect 
methods. Thus Thomsen gives the following data 

[r, O*] = 40,030 gram-units. 

Nevertheless iodine and oxygen do not combine to form 
IgOg even when a mixture of iodine vapour and oxygen is passed 
over hot spongy platinum*. But the value assigned by Thomsen 
to the reaction in question' is determined by indirect methods 
from measurements of many chemical operations, almost every 
one of which is accompanied by physical changes. The 
operation represented in symbols as I^ + Og has not been 
realised ; other operations have been carried out ; some of these 
have been analysed into parts, and the collocation of symbols 
Ij + Og = IjOg has occurred in one of these parts; thermal 
values have been experimentally determined; and the deduction 
has been made that, if the reaction 1^ + 0^= I^Og occurred as a 
part of one of the operations in question it would be attended 

1 Loc, cit, 

> See Wehsarg, Ber. 17. 2896. 
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with evolution of heat. But chemistry is more than the 
manipulation of symbols ; it deals with realities. The reaction 
I, + Ob = 1,0b ought to occur, it is said, if the law of maximum 
work is generally applicable. Here is a chemical process which, 
were it to occur without the addition of energy from without, 
would be attended by disengagement of a great deal of heat. 
Therefore by the theorem of the necessity of reactions it ought 
to take place. But it does not Therefore...? 

But we must not interpret the law of maximum work too 
strictly. 

The operation I, + 05 = 1,05 perhaps occurs as part of a 
cycle of changes ; separate it from the changes which precede 
and from those which follow, and it does not occur. After all 
then it is not one of those reactions which proceed ' without the 
aid of a preliminary action and therefore, although its occur- 
rence would involve disengagement of heat, it is not necessary 
that it should occur. 

205. Moreover there are actions which actually take place 
although their calorimetrically determined value is a negative 
quantity. For instance, aqueous solutions of sulphuric acid and 
sodium sulphate react with production of sodium hydrogen 
sulphate and absorption of heat ; a dilute solution of sodium 
acetate is decomposed by a solution of tartaric acid with 
absorption of heat ; an acid with a small heat of neutralisation 
often removes a base from its combination with an acid having a 
large heat of neutralisation, thus the heat of neutralisation of 
hydrofluoric acid is very large (32,500), but its relative affinity 
is extremely small (5 when HNO3 = 100). The strict upholders 
of the law of maximum work assert that in these reactions 
double compounds of uncertain composition are formed, or 
hydrates are produced and are again decomposed, or portions of 
the reacting acids or salts are present in the solutions as 
hydrates and portions as dehydrated compounds. By dex- 
terously adding on a heat of hydration here, and subtracting a 
heat of dilution there, they make the thermal value of the 
operation appear as a positive quantity. When a chemical 
change is actually accomplished, and the total thermal value 
as determined by experiment is negative, then more ingeni- 
ous methods of argument must be adopted. But most of the 
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reactions which are stated to occur with absorption of heat take 
place under conditions such that it is impossible to produce 
the compounds formed and exhibit them apart from the whole 
changing system. Hence it is possible in such cases that the 
representation given of the chemical operation may not be a 
true representation, and that the calorimetric determination 
does not measure the thermal change which really accompanies 
the specified chemical change. Thomson's work on solution 
and dilution has removed or rendered valueless many of the 
fovourite arguments of this kind of the followers of Berthelot\ 

206. Thirty years ago Thomson* stated the *law of 
maximum work ' in this form : 

" Every simple or complex reaction of a purely chemical 

kind is accompanied by evolution of heat." 
Let us see what this means. If we try to define the 
expression 'a reaction of a purely chemical kind', the only 
possible definition seems to me to be one in terms of the 
molecular theory. Thomson himself tells us' that a reaction 
of a purely chemical kind is one which " proceeds without the 
expenditure of external energy and is accomplished only through 
the striving of the atoms towards more stable equilibrium." 
But can we separate the strivings of atoms from the mutual 
interactions of molecules? The definition does not help us 
much because we cannot apply it to actual chemical reactions. 
We want practical definitions in science. 

207. Thomson explains more fully his conceptions of chemical 
stability*. The occurrence of a cheijiical reaction, as also the 
nature of the products, and the conditions under which the re- 
action proceeds, depend chiefly, according to Thomson, on (i) the 
striving of the atoms of the reacting bodies towards stable 
equilibrium, (ii) the resistance of the molecules to decomposi- 
tion, and (iii) the stability of the possible products at the tem- 
perature produced by the reaction. We may say that the greater 
the molecular mobility and the atomic mobility of a given 
chemical system the more ready will that system be to undergo 

^ See ante, pars. 196 and 199. 

^ See ThermochemUche Untersuchungen, 1. 12 — 16. 

» Loc. cit. 1. 16. * Loc, cit, 2. 468—474. 

M. T. C. 12 
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change, and the less the molecular and atomic mobilities the 
more stable the system. In every purely chemical reaction 
these two will tend towards a minimum. The reduction of 
molecular and atomic mobility will be attended by evolution of 
heat 

This explanation, I think, explains away the value of the 
definition of the purely chemical reaction. The 'striving of 
the atoms' is only one of the factors which condition the chenai- 
cal occurrence. Of the several possible states which the system 
may assume it does not follow that that one will be assumed, the 
passage to which, from the initial state, is attended by the great- 
est loss of energy. When the system has passed into state a it 
may remain unchanged, although the passage to state 6 would 
involve loss of energy, because under the given conditions state 
a is more chemically stable than state 6. Thus consider the 
chemical processes, 

(1) 6KOHAq+6Cl=3KC10+3KCl+3H,0; heat evolution = 76,200. 

(2) 6KOHAq+6Cl=KClO3+5K01+3H,O; „ „ = 94,200. 

(3) 6KOHAq+601=6K01+3H^O+O3; „ „ =105,200. 

When chlorine is passed into an aqueous solution of potash 
at the ordinary temperature reaction (1) occurs, although the 
occurrence of (2) or (3) would be attended with a much greater 
loss of energy to the system than reaction (1). But reaction (1) 
involves a less change of chemical type than either of the other 
reactions. 

In other words the occurrence of one of several possible 
reactions is conditioned by the chemical relations of the products 
of the change to the original bodies, as well as by the greater 
or less running down of energy which accompanies each of the 
possible reactions. 

208. The laws of energy must hold good in chemical pro- 
cesses as well as in physical. No chemical change involving a 
raising of energy from a less available to a more available form 
can occur without the degradation of an equivalent quantity of 
energy ; but it does not follow that because a chemical change 
would be accompanied by a degradation of energy, that change 
necessarily occurs : " Otherwise the existence of explosives like 
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gunpowder would be impossible*." Indeed one may almost say, 
otherwise there would be no chemistry. All possible chemical 
systems would have run downhill by this time and there would 
be no means for bringing them up again. The majority of 
chemical changes are not suitable for the application of thermo- 
dynamic principles, inasmuch as only a few chemical operations 
are reversible. The attempt made by Berthelot to apply the 
conception of the degradation of energy to all chemical changes 
has not been successful. 

209. The so-called law of maximum work has assumed 
various forms in thermal chemistry. Sometimes it is said that 
a chemical operation always proceeds so as to 'satisfy the stronger 
affinities' which come into play. What then are these 'stronger 
affinities'? Is the phrase ' satisfaction of the stronger affinities* 
only another way of saying that the operation will proceed in 
the direction which ensures the maximum running down of 
energy? Or is the expression synonymous with 'stronger mutual 
atomic attractions' ? 

If the second of these questions is answered in the affirma- 
tive, then consider a simple case*. A molecule AB is decomposed 
by heat, and the atom A then combines with another atom C to 
form the new molecule AG. The thermal change which occurs 
is represented by the expression 

[A,G]-[A,Bl 

But the only connection between the two changes is that 
one furnishes the materials for the other. The second change 
begins (theoretically) when the molecule AB has been separated 
into -4 and B; hence the formation of AG will proceed whether' 
[A,G]>[A,Bl or [A,B]>[A, G]. 

Even if 'the satisfaction of the stronger affinities' means 

only that heat is evolved, it may be asked why not a trace of 

water is produced when a mixture of two volumes of hydrogen, two 

of chlorine, and one of oxygen, is exposed to sunlight ; although 

[H», 0] = 68,000, and 2[H, CI] = 44,000.* 

1 See Lord Bayleigh On the dissipation of energy." Proe, M, 8. March 5, 
1876. 

^ L. Meyer, Die modemen Theorien der Chemie, 447 — 8 (4th Ed.). 

> See post, pars. 222, 223. 

* K. Botsch, Annalen, 210. 207. 

12—2 
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Why is no water formed even if an electric spark is passed 
through a mixture of the same gases, as long as there is chlorine 
sufficient to combine with all the hydrogen^? Why, it may 
finally be asked, may a chemical reaction between two gases be 
prevented by expanding the gases, although as much heat would 
be evolved by the combination of the expanded gases as by that 
of the same gases when more condensed ? 

210. If then we interpret the law of maximum work 
vaguely, making it as wide as possible, it is opposed by many 
facts. Chemical reactions frequently occur involving absorption 
of heat ; and of two or more possible reactions that one which is 
accompanied by the evolution of most heat does not always occur 
in preference to one of the others. If we define the law accurately, 
and confine it to 'purely chemical reactions', the practical ap-' 
plicability of it almost disappears. Such an operation as a purely 
chemical reaction is practically unknown. 

211. But it may be asked : must all the energy which is lost 
by a changing chemical system during a definite operation make 
its appearance in the form of heat ? 

212. Energy appears in chemical operations in forms other 
than that of heat. Electrical energy, for instance, is produced 
during the chemical changes which occur in the battery, and 
in this case a large quantity of work may be done without any 
marked evolution of heat. We must distinguish, in chemical 
processes, between that part of the chemical energy which is 
freely changeable into other forms, and that which can leave 
the system only in the form of heat. 

213. Helmholtz has considered this subject of the changes 
of chemical energy into other forms of energy*. That part of 
the chemical energy of a specified system which is freely change- 
able into other forms is called by Helmholtz the free energy 
{freie Energie), that which can leave the system only in the form 
of heat is called by him the hound energy (gebundene Energie). 
The total energy of the system is equal to the sum of these two. 
That a systepa should undergo change without the aid of external 

1 K. Botsch, AnnaUn, 210. 207. See also Schlegel, Ammleny 226. 133. 

2 *♦ Die Thermodynamik chemischer Vorgange," Sitzber. der Wiss. Akad. zu 
Berlin, 1882 ; see Wissemchaftliche Abhandlungen, 2. 958. 
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energy there must be an increase of the bound energy and a 
decrease of the free energy of that system. Hence a chemical 
reaction occurring in an isolated system will proceed in that 
direction which involves a change of free chemical energy into 
some other form of energy which is not necessarily the form of 
heat. The loss of energy measured by the quantity of heat pro- 
duced during such a chemical process will not represent the total 
loss of energy of the system. A certain reaction may be attended 
by a greater evolution of heat than accompanies another reaction, 
and nevertheless there may be a greater running down of chemi- 
cal energy in the second reaction than in the first. 

The free energy of a system can be calculated only in com- 
pletely reversible changes. 

In most chemical operations, which are neither isothermal 
nor adiabatic, external work is done at the cost of the free 
energy, and heat is produced at the cost of the bound energy of 
the system. An increase of the temperature of the system 
denotes a change of free into bound energy; this bound energy 
may then be converted, by friction &c., either wholly or in part 
into heat. In such a case the quantity of heat produced during 
the passage of the system from its initial to its final state repre- 
sents the diflference between the total internal energies of the 
system in the two states. It is this diflference which is measured 
in thermo-chemical investigations ; but the work done by the 
free energy of the system, the free work (Jreie Arbeit), which 
determines the direction of the chemical change, is diflferent 
from this, and cannot be measured by merely finding the total 
quantity of heat produced during the operation. 

214. If we admit Helmholtz's conception of free and bound 
energy, and assent to his treatment of the relations between 
these and chemical change, it follows that the direction of a 
chemical operation cannot be predicted from a knowledge of 
the thermal values of the possible changes which may occur in 
the specified system. Thus when two acids react on a base, in 
dilute aqueous solution, and in equivalent quantities, the base 
is shared between the acids, not in the proportion calculated 
from the heats of neutralisation, but in that determined by the 
relative affinities of the acids. 

The mere fact that the thermal value of a chemical opera- 
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tion, deduced from measurements of a series of changes of 
which the specified operation forms a part, is represented by a 
positive quantity, does not justify us in saying that this change 
or operation will occur if it is isolated from the cycle of change 
of which it forms a part. Hydrogen does not reduce an aqueous 
solution of potassium chlorate ; but if a few pieces of zinc and a 
little dilute sulphuric acid are placed in the solution potassium 
chloride and water are at once formed. In the latter system 
there is probably an overplus of chemical energy, which, aided 
by the configuration of the particles of hydrogen accompanying 
this excess of energy, brings about the reduction of the chlorate 
to chloride of potassium. Many chemical processes which occur 
as parts of a larger cycle of change are probably accomplished 
by aid of the energy produced in the operations which form other 
parts of the cycle ; if the specified process is cut off from the 
others which supply the required energy the conditions necessary 
for the occurrence of the process are removed \ These conditions 
cannot in many cases be restored by adding heat ; energy in a 
form other than heat is required, and this form of energy can 
only be supplied by making the special operation one part of a 
cycle of changes. 

Under one set of conditions there may be only a small 
supply of energy, but that energy is in a form wholly available 
for performing the required work ; under another set of con- 
ditions there may be a large supply of energy, but that in a 
form wholly or in great part unavailable for the work which is 
to be done^ 

215. But although the 'law of maximum work' is found 
wanting whether we examine it from the practical or the 
theoretical point of view, nevertheless the fact remains that, 
when the physical conditions of comparable chemical processes 
are kept as nearly as possible constant, the process which 
involves the maximum production of heat very frequently 

1 Compare "Chemical Equilibrium the result of the Dissipation of Energy," 
by G. D. Liveing (1885) ; especially Chaps, iv. and v. 

« The researches of Willard Gibbs (see ante, par. 163) seem to justify the 
assertion that a gaseous system, even when chemical action is possible, wiU 
always tend to settle down in that state in which the energy is at a minimum 
consistent with the given entropy and volume, or in which the entropy is at a 
maximum consistent with the given energy and volume. 
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occurs in preference to the other possible processes, or occurs to 
a considerably greater extent ,than any of these other processes. 

Let us look at some classes of chemical processes from this 
point of view. We shall regard the quantities of heat produced 
in the different operations as giving relative measurements of 
the losses of energy which attend these operations. 

216. Precipitation of metals as sulphides from aqueous 
solutions by the action of an aqv£Ovs solution of sulphuretted 
hydrogen. 

The data are presented in the following tables*. 

Tablb L 

Base. 

Reaction ' CdO PbO CuO HgO T^O CuaO AggO' 
[^2^^^^j (1) 27,300 29,200 31,700 45,300 38,500 38,500 58,500 

'^InctAqr I ^^'^ ^^'^ ^^'^^ ^^'^ ^"^'^^ ^^'"^^ ^^'^^ 
differmceliX)-^^)']^ +7,000 13,800 16,400 26,300 11,000 23,800 15,900. 

Table II. 

Base, 

Reaction CdO PbO CuO HgO TlgO CugO AgaO' 

[Base, H2S] (1) 32,100 34,000 36,600 60,000 43,300 43,300 63,300 
[Baae,2HCl] (2) 55,000 50,000 50,000 63,500 62,200 49,300 77,200 



^/^/erewce[(lH2)]= -22,900 16,000 13,500 3,600 18,900 6,000 13,900. 

Table III. 

Base, 



Reaction MnCHgO FeO.HgO NiO.HgO CoO.HgO ZnO.HgO 

(1) 10,700 14,600 18,600 17,400 18,600 

(2) 23,000 21,400 22,600 21,100 20,300 



[BaseAq, 
2HClAq}2 

rft/erewce[(lH2)]=- 12,300 6,800 4,000 3,700 1,700. 

To illustrate the application of these data take the case of 
cadmium. Thus, 

[CdO 2H01Aq, H'SAq] - [CdOAq, 2HClAq] = 7,000. 

^ See Naamann's Thermochemiet 505 — 510. 

^ Objection may be taken to some of these values on the ground that aqueous 
solutions of many of these bases are unknown (compare ante^ pars, 99 and 118), 
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If an aqueous solution of the base CdO were mixed with 
equivalent quantities of HCl and H,S, either CdCl, or CdS 
might be produced; the production of the latter would be 
accompanied by the evolution of 7000 gram-units of heat more 
than would attend the production of the former compound. 
But 

[CdO, 2HC1] - [CdO, H«S] = 22,900. 

If the solid base CdO were acted on by equivalent quantities 
of gaseous HCl and H^S, either CdClj or CdS might be pro- 
duced ; the production of the former would be accompanied by 
the evolution of 22,900 gram-units of heat more than would 
attend the production of the latter compound. 

Now we know that aqueous sulphuretted hydrogen precipi- 
tates cadmium sulphide from a solution of the chloride of this 
metal, and that gaseous hydrochloric acid decomposes solid 
cadmium sulphide with production of cadmium chloride. But 
we also know that if equivalent quantities of cadmium chloride, 
in solution, and sulphuretted hydrogen are mixed, only a small 
quantity of the former salt is decomposed ; if we desire to 
precipitate all the cadmium as sulphide we must add a very 
large quantity of sulphuretted hydrogen. The same remark 
holds good for the mutual action of solid cadmium oxide and 
hydrochloric acid ; more than one equivalent of the latter acid 
(as gas) must react on each equivalent of cadmium oxide if the 
whole of this base is to be converted into cadmium chloride. 

The numbers 

[2HC1, Aq] = 34,600, and [H«S, Aq] = 4,800 

shew, that an aqueous solution of hydrochloric acid possesses 
much less energy than the same mass of hydrochloric acid in 
the form of gas, but that the difference between the quantities 
of energy in a specified mass of gaseous sulphuretted hydrogen 
and the same mass of the acid dissolved in much water is very 
much less than the corresponding difference in the case of 
hydrochloric acid. Moreover the greater the concentration of 
aqueous hydrochloric acid the less is the quantity of heat 
Solved on adding the gaseous acid to the solution; in other 
words a concentrated aqueous solution of hydrochloric acid 
contains much more energy than a dilute solution of the same 



Digitized by Google 



SECT. L § 217.] LAW OF MAXIMUM WORK. 



185 



mass of the same compound. Hence, although aqueous sulphu- 
retted hydrogen precipitates cadmium sulphide from an aqueous 
solution of the chloride, nevertheless cadmium sulphide ought 
to be decomposed by a concentrated solution of hydrochloric 
acid. This conclusion is confirmed by the results of experiment. 

The case of antimony is especially interesting. Antimony 
sulphide is decomposed by aqueous hydrochloric acid of greater 
concentration than HCl . 6HgO ; but if more water than this 
is present antimony chloride is decomposed by aqueous sulphu- 
retted hydrogen. Hence the two reactions 

rSb^Sg + aiHClAq = 2SbOi;Aq + 3H,SAq + (a; - 6) HC1,\ 
l2SbCl3Aq + a;H,SAq = + 6HClAq + (a: - 3) H,S J 

may occur until equilibrium is established. This state of 
equilibrium will be conditioned by the relative energies of the 
reacting bodies, and this again by the relative masses of these 
bodies when the temperature is constant throughout the 
operation. 

217. Mutual actions of mercuric oadde, hydrochloric and 
hydrocyanic acids. 

The following data are taken from Naumann's book* : — 
[HgO, 2HCNAq] = 31,000 : products of the action are 

Hg(CN), Aq + H,0; 
[HgO, 2HClAq] = 18,900 : products of the action are 
HgOl, Aq + H,0. 

Therefore 
[HgCl^Aq, 2HCNAq] = 31,000 - 18,900 

= 12,100 : products being 
Hg(0N),Aq + 2HClAq. 

If the heat of solution of mercuric chloride is added to 
the number 12,100 we get the theoretical thermal value of the 
action of equivalent quantities of solid mercuric chloride and 
aqueous hydrocyanic acid : thus, 

[Hg01», Aq] = - 3,300 : therefore ^ 
[HgCl», 2HCNAq] = 12,100 + (- 3,300) = 8,800. 

1 Lpe, cit. 499—501. 
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But, on the other hand, consider the numbers, 

[HgO, 2HClAq] = 18,900 ; but [2H01, Aq] = 34,600 ; and 

[Hg01",Aq] = - 3,300. 

Now if solid HgO were acted on by gaseous 2HC1, and if 
solid HgClj were thus produced, the theoretical thermal value 
of the action would be 

[HgO, 2H01] = 18,900 + 34,600 - (- 3,300) 
= 56,800. 

Then consider the action of gaseous 2H0N on solid HgO, 

[HgO, 2HCNAq] = 31,000: but [2HCN, Aq] = 12,200: and 

[Hg (ON)', Aq] = - 3,000. 

If then solid HgO were acted on by gaseous 2H0N, and if 
solid Hg(CN)j were thus produced, the theoretical thermal 
value of the action would be 

[HgO, 2H0N] = 31,000 + 12,200 - (- 3,000) 
= 46,200. 

From this value and that already obtained for the action of 
gaseous 2HC1 on solid HgO it follows that 

[Hg(CN)«, 2H01] = 66,800 - 46,200 
= 10,600 ; 

because, if we start with the system HgO + 2HC1 and from this 
produce the system HgCl^ + HgO 66,800 thermal units are 
evolved, and if we start with the system HgO + 2HCN and 
produce Hg(CN)2 + H20 46,200 thermal units are evolved; 
therefore if we start with the system Hg(CN)a + 2HC1 and 
from this produce the system HgCl2 + 2HCN the quantity of 
heat evolved must be represented by the diflference 56,800 
- 46,200, i.e. by the number 10,600. 

The conclusions which may be drawn from these data are: — 

(i) An aqueous solution of mercuric chloride will be 
decomposed by an aqueous solution of an equivalent quantity 
of hydrocyanic acid ; 

(ii) Solid mercuric chloride will be decomposed, but 
probably only to a partial extent, by an equivalent quantity of 
hydrocyanic acid in aqueous solution ; 
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(iii) Solid mercuric cyanide will be decomposed, to some 
extent, by an equivalent quantity of gaseous hydrochloric acid, 
but not by this acid when in aqueous solution. 

These conclusions are on the whole confirmed by experiment. 

218. Mutual action of sulphuretted hydrogen, and iodine 
cmtraMed with that of the same add and bromine\ 

Iodine and sulphuretted hydrogen do not mutually react 
whether the iodine is present as a solid or as a gas, or is 
dissolved in carbon disulphide. But aqueous solutions of sul- 
phuretted hydrogen and iodine at once react with production 
of an aqueous solution of hydriodic acid, and sulphur. The 
thermal values are these : — 

[2H'S, 2P] = 4[H, 1] - 2[H», S] = - 34,000 ; 

this action does not occur ; 

[2H*SAq, 2PAq] = 4[H, I, Aq] - 2[H», S, Aq] = + 34,400 ; 

this action takes place rapidly. 

These values have been determined, 

4[H, I, Aq] = 52,800; 2[H', S, Aq] = 18,400. 

The thermal value of the decomposition of 2BL^Aq by 
ai^Aq is made up of two parts ; in one 52,800 gram-units of 
heat are evolved, and in the other 18,400 units are absorbed. 
Now were the (positive) value of the first of these parts to 
fall below about 18,000 units we should expect the decomposition 
to cease. An analysis of the reaction 4[H, I, Aq] shews that it 
is composed of two parts ; (1) the heat of formation of 4HI, and 
(2) the heat of solution of 4HI : the values of these parts are as 
follows : — 

4[H, I] = - 24,800 ; [4HI, Aq] = 77,600 ; 
.-. 4[H, I, Aq] = 62,800. 

Now if a given mass of hydriodic acid is added to a quantity 
of water already containing hydriodic acid in solution less heat 
is evolved than when an equal mass of hydriodic acid is added 
to pure water. The more concentrated the solution of the acid 
the smaller is the quantity of heat evolved on adding a specified 

1 Naumann, Ber, 2. 177; 99. 1574; (or Thermochemie, 602^606). 
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mass of the acid Should the value of the reaction [4HI, Aq] 
become less than +43,000 then the value of the reaction 
4[H, I, Aq] will become less than + 18,000 ; and under these 
conditions, as we have seen, the total value of the reaction 
[2H'SAq, 2PAq] will become equal to zero. 

Hence the conclusion follows that the decomposition of 
aqueous sulphuretted hydrogen by aqueous iodine, the two 
being mixed in equivalent quantities, will proceed more slowly 
as the solution becomes charged with hydriodic acid, and after 
a time will probably cease. 

Experiment shews that [4HI, Aq]< 43,000 when the 
solution of hydriodic acid acquires the relative density of 1*56 
at 15*^ — 20°. Experiment also shews that when this concentra- 
tion is reached as a result of the mutual action of aqueous 
2HgS and 2I3 the action stops. But the change in question 
again proceeds if water is added so as to reduce the density 
of the solution of hydriodic acid, because the value of the 
reaction [4HI, Aq] then again becomes greater than 43,000. 
But a considerably more concentrated solution of hydriodic 
acid in water can be obtained than that whose density is 1*56. 
If such a solution, e.g. a solution boiling at 127* (pressure = 
760 mm.) and having a density of 1*67, is shaken with flowers 
of sulphur the hydriodic acid is decomposed, with production of 
sulphuretted hydrogen and iodine, until the density of the 
solution becomes about 1*66 when the process stops. 

The system consisting of hydriodic acid, sulphuretted hydro- 
gen, iodine, sulphur, and water is under certain conditions in 
thermal and chemical equilibrium ; this equilibrium is disturbed 
by altering the relative masses of the constituents of the system, 
because the alteration is accompanied by changes of the energies 
of these constituents. 

The action of bromine on sulphuretted hydrogen is thermally 
very diflferent from that of iodine. 

[2ffS, 2BrT = 4[H, Br] 2[H», S] = + 25,000. 

Gaseous bromine readily decomposes gaseous sulphuretted 
hydrogen. If the substances react in solution the heat of 
solution of 4HBr (about 80,000 units) is added to the heat 
developed when they react as gases; when the solution of 
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hydrobromic acid becomes so concentrated that no beat is 
evolved by the addition of more acid, the decomposition of the 
sulphuretted hydrogen still proceeds and the hydrobromic acid .... 
produced is evolved as gas. . /^^^^'^ 

219. We have already had other examples of the clftssi^^^ / 
cation of comparable reactions in accordance with their thermj^/, 
values. In Chap. rv. pars. 117 — 123 we considered the action of^ 
metals on water and on various acids ; and we found that, from 
a knowledge of these values it is often possible to tell whether 
a specified metal will or will not decompose water or an aqueous 
solution of a given acid. But these examples also illustrate the 
shortcomings of the thermal method of predicting the occur- 
rence, or the results, of chemical processes. 

To say that a certain action would be attended by the 
evolution of more heat than another reaction between the same 
bodies is not to prove conclusively that the specified reaction 
will occur. We must know more about the chemical habitudes of 
the reacting bodies and the possible products of the reaction 
than is told us by thermal data only. 

We have also seen that thermal data tend to obscure the 
importance of considering the masses of the acting bodies. One 
action may have a rather smaller positive thermal value than 
another and nevertheless the first action may proceed rather 
than the second if the mass of one of the reacting bodies is 
largely increased. To say that every chemical change is 
conditioned only by the quantity of heat produced in that 
change is to ignore all that has been done in recent years 
on the influence of mass in chemical operations. It is to go 
back to the time of Bergmann, only substituting tables of 
thermal data for the tables of affinity which were then in 
vogue. 

We cannot be too often reminded that the subject-matter 
of chemistry is 'the differences and relations of matter/^ 
and not the properties of thiq or that isolated system of 
matter. 

1 Phrase used by Clerk Maxwell in a letter to Mr L. Campbell. See his lAfe 
(Condensed Ed. ), p. 110. 
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Section U, Affinity. 

220. We have seen that one form which the *law of 
maximum work' has assumed is expressed in the statement 
that a chemical change always proceeds in a direction such 
that the strongest aflSnities of the reacting bodies are satisfied. 

K the criticisms brought against the ' law ' are admitted 
this form of it cannot be accepted. 

But, we inquire: is it possible to obtain relative measurements 
of affinities by determining the thermal values of chemical 
operations ? We learned in Chap. ill. (pars. 102 — 110) the use 
which Thomson has made of such determinations for finding 
the quantitative distribution of a base between two acids, and 
the conclusions which that naturalist has thence drawn regard- 
ing the relative affinities of acids. But can any more light be 
thrown on the subject of affinities by thermal methods of 
inquiry ? Do chemical changes occur in such a way that the 
strongest affinities between the atoms of the reacting bodies are 
satisfied ? 

Now the word atom is here used with a wider and vaguer 
meaning than ought strictly speaking to be assigned to it. 
Unless we are prepared to apply the terminology of the molec- 
ular theory to solids and liquids we need scarcely trouble 
ourselves with such a question as that we have asked. The 
phrase ' satisfaction of atomic affinities ' is also vague. But let 
us employ the expression and see if in trying to answer the 
question any more definite meaning can be given to the terms 
in which it is put\ 

221. 'Do chemical changes occur in such a way that the 
strongest affinities between the atoms of the reacting bodies are 
satisfied ? 

1 In papers on thermal chemistry the term affinity is sometimes used in a 
very misleading manner. If one element A combines with another B with 
evolution of so much heat, and a third element G combines with B with evolution 
of so much more heat, it is said that the affinity of C for B is greater than that 
of 4 for jB, and greater by the difference between the two quantities of heat. 
This use of the term affinity seems to me to be utterly erroneous. But affinity is 
one of these chameleon>like words which do so much harm in science. 



Digitized by Google 



SECT. n. ^ 222, 223.] affinity. 



191 



If we answer this question in the affirmative we should also 
probably say that the phrase 'satisfaction of the strongest 
affinities between the atoms ' is synonymous with * production of 
that configuration of atoms (starting from a specified configura- 
tion) which is attended with the maximum evolution of heat, or, 
at any rate, with the maximum running down of energy.' 

222. Let atomic affinity mean the potential energy of atoms. 
Let two monovalent atoms, A and JB, mutually attract each 
other with the production of a molecule AB ; there is a change 
of potential energy (Le. affinity) into kinetic energy which 
leaves the system in the form of heat. Now let a third 
monovalent atom, G, approach the molecule AB, and let the 
affinity of A for G be greater than that of A for B. When AB 
and are a certain distance apart the attraction of A for G will 
exceed that of A for B, the molecule AG will be formed and the 
atom B will remain uncombined. The formation ot AG will be 
attended by a change of potential into kinetic energy which 
will again appear as heat. But unless this second quantity of 
heat is greater than that evolved in the formation of the 
original molecule AB from the atoms A and By the decomposi- 
tion of AB could not occur. Hence atoms with stronger 
affinities replace those with weaker affinities, and the relative 
strengths of these affinities are measured by the quantities of 
heat evolved in the combinations of the atoms, provided affinity 
is synonymous with potential energy of atoms considered as at 
rest\ 

223. But if the theory of molecules and atoms teaches 
anything, it teaches that the atoms are not at rest ; but that 
they, no less than the molecules themselves, are in moliion. Of 
the states of molecular motion we know Uttle or nothing ; of the 
atomic motions we know even less. Probably the motions of 
the individual molecules which compose a gaseous mass, both 
the translator^ motions of the molecules as wholes and also the 
rotatory motions of their parts, differ considerably from the mean 
motion of the whole mass of molecules. A feasible hypothesis 
is, that there is a constant change of potential atomic energy 

^ For the statement of this argument and of that which follows I am 
indebted to L. Meyer's Die modemen Theorien der Chemie^ 442 — 447 (4th Ed.), 
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into kinetic atomic energy, and vice versa, due to the vibratory 
motions of the atoms which constitute the molecules. If this 
is so, any specified molecule must be more ready to undergo 
change at certain times than at other times. Hence a given 
compound may be decomposed by the action of another com- 
pound under certain specified conditions and not under other 
specified conditions. Proceeding on the lines of this hypothesis 
let us consider, as before, the diatomic molecule AB acted on by 
the atom C. The result of the collision of AB and G will vary 
in accordance with the distribution of the kinetic and potential 
energies in ^jB at the moment of collision. Let us suppose 
that A and B are at their furthest distance apart, i.e. the 
potential energy of A and £ is at a maximum and the kinetic 
energy at a minimum. Let G now come into contact with AB 
and carry off A in combination with itself; a part of the kinetic 
energy of will be employed in overcoming the affinity of A 
for jB, and this action will be accompanied by evolution of heat 
(or other form of kinetic energy). But the rest of the kinetic 
energy of G remains in the new molecule A G, Whether the 
decomposition of AB by G shall or shall not occur does not then 
depend on whether [A, B] > [A, G], or [A, G] > [A, B], but on 
the relative affinities of A and C for 5: what G wants in 
potential energy (i.e. affinity) it supplies in the form of kinetic 
energy. If we pass from the consideration of isolated atoms to 
that of masses of two reacting bodies we find that the decompo- 
sition of one by the other must depend on many conditions 
among which affinity, — ^i.e. in the present view mutual atomic 
attraction — ^is only one. If the conception of constant change 
of potential into kinetic energy and vice versa of the atoms in 
the molecule is accepted, then the mutual attraction between A 
and B may be such that these two atoms hold together for long, 
because the conditions under which G can decompose AB are 
seldom attained. The temperature, the relative masses of the 
two bodies, the presence of a third body, &c., will largely 
condition the action of G on AB^. 

224. The difficulties of this investigation are very great. 
Does the heat evolved in a chemical reaction represent change 

^ For more details see L. Meyer, loe, cit. 446. 
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of potential energy of the atoms into the thermal form of 
kinetic energy ? Or is the heat more probably due to the 
change of a higher form of kinetic energy of the atoms into 
heat ? Or does the quantity of heat evolved afford no measure, 
or at any rate no generally applicable trustworthy measure, of the 
change of higher into lower forms of atomic energy which accom- 
panies a chemical operation? We cannot answer these ques- 
tions. We can scarcely as yet suggest the outlines of answers. 

225. A definite meaning for the term affinity has been 
introduced into chemical science by the researches of Quldberg 
and Waage. This meaning is independent of any hypothesis 
regarding the relations of the kinetic and potential energies of 
the atoms in the chemical molecule ; indeed it is independent 
of any theory of the structure of matter.' 

In the JEssai de Statique Chimique published in 1803 
BerthoUet said "Toute substance qui tend k entrer en combinai- 
son agit en raison de son affinity et de sa quantity" (2oc. cit 
1. 2). This statement has been extended and rendered more 
exact by the researches of the Norwegian naturalists Quldberg 
and Waage*. 

In a simple decomposition of the form AB + (7= AG + B, the 
formation of ^1(7 is chiefly brought about by the attraction 
between A and G ; but there are also attractions between the 
other substances A and B, AG and B, &c. Looking at these 
attractions from the point of view of one of the attracting bodies 
we may say that A exerts force on G, AG exerts force on B, B 
exerts force on A, and so on. The force by the action of which 
AG is finally produced is the resultant of these various forces. 
This resultant force may be regarded as constant for a definite 
temperature. It is called by Quldberg and Waage the coefficient 
of affinity for the reaction AB -i-G^AG + B, In the same way 
in the double decomposition AB-\-GD — AG-^BD the force 
which brings about the formation oi AG and BD is the resul- 
tant of the various forces at work, e.g. the force exerted by A on 
jB, by A on (7, by A on D, by G on D, &c. ; this resultant force is 
called the coejffment ofaffimity for the reaction formulated above. 

1 Etudes 8ur Us JffinitSs CMmiquei (Christiania, 1867) ; and (in continaation) 
J.fUrprakt. Chemie (2) 19. 69. 

M. T. 0. 13 
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But this coefficient of affinity may be resolved into two 
parts. Let two bodies A and B react, in equivalent quantities, 
under such conditions that the system is free to settle down into 
equilibrium (e.g. in dilute aqueous solution), two new bodies, -4.' 
and ff, will be produced ; but when equilibrium is established 
the system will consist of certain quantities of the four bodies 
A, jB, A\ and B\ The force (itself the resultant of various 
forces) which brings about the formation of A' and B from A 
and B is held in equilibrium by the force (likewise the resultant 
of various forces) which brings about the re-formation of A and 
B from A' and B. The first of these forces is called the 
coefficient of affinity for the direct reaction A + B = A' + B'; 
the second is called the coefficient of affinity for the reverse 
reaction A' + B ==A + B. 

Let us designate the coefficient of affinity of the direct 
change by k, and that of the reverse change by /c\ All the 
measurements which have been made of such a change as we are 
now dealing with, viz. 

a + b:;z1'^' + B' 

have shewn that the equilibrium of the system at a specified 
temperature is to a great extent conditioned by the relative 
masses of A and B. Quldberg and Waage use the expression 
active mass of A or B, &c. to mean the number of equivalents of 
A or B, &c. in a unit of volume of the reacting system, e.g. in 
1000 c.c. of the aqueous solution of A or B^ &c. employed. 
Guldberg and Waage state that the total resultant force for 
either the direct or reverse change, when equilibrium is esta- 
blished, is proportional to the product of the constant /c, that 
is the coefficient of affinity for the change (be it direct or 
reverse) and the active masses, -4, B, A', or -B' as the case may 
be. Let the system have settled down into equilibrium; let 
the active mass of A now present be the active mass of B 
be 5, the active mass of A be p\ and the active mass of B be 
g'. Then when equilibrium is established 

Now it is possible to determine experimentally the values of 

1 This notation for reversible or partially reversible changes is suggested by 
van't Hofi (Etudes de Dynamique Chimique [1884], p. 8). 
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p, q, p', and ^ for a given system*; when this is done the ratio 
K : K can be calculated. Suppose this has been done ; it is 
then possible to calculate the values of jp, q, p\ and ^ for any 
initial quantities of th« four reacting bodies ; in other words it 
is possible to calculate the number of equivalents of A, B, A\ 
and present in the system when equilibrium is established, 
provided the number of equivalents of each of these bodies 
originally present is known. For, let P, Q, P', and Q' represent 
the number of equivalents of A, B, A\ and B present before 
the action begins, and let x equal the number of equivalents of 
A and B transferred into A and B when equilibrium is estab- 
lished, and assuming the total volume of the system to be con- 
stant throughout the process and to be equal to F, then 

Then substituting these values for p, q, p\ and ([ in the 
equation of equilibrium, and multiplying by we get 

(P - a?) ( Q - ^) = /e' (F + a?) ( Q' + a;) . 

But the ratio k : k' has been already determined, and P, 
Q, P', and Q' are known by direct observation ; hence x can be 
found by calculation, and the calculated values of a?, for different 
values of P, Q, &c. can be compared with the observed values, 
and in this way the applicability of the general equation of equi- 
librium can be tested. When the value' of the ratio k : k has 
been thus determined for one system, a new system may be 
employed in which k again occurs along with another coefficient 
of affinity k \ the ratio k : k' may thus be found. This process 
may be repeated for a number of systems and thus values may 
be found for various coefficients of affinity in terms of some 
one coefficient of affinity taken as unity. 

226. Ostwald has made an extensive series of determinations 
of the coefficients of affinity of reactions between pairs of acids 
and a specified base'*. One very important result of these 
researches is that the coefficient of affinity of such a reaction as 

1 For methods by which this may be done see Guldberg and Waage loc» cit, 
also Ostwald, J.farprakt. Chemie, (2), 25. 1. 

3 Ostwald's papers are to be found in J. fur prakt, Chemiet (2) 16. 885 : 18. 
328 : 19. 468 : 22. 251 : 23. 209 and 517 : 24. 486 : 27. 1 : 28. 449 : 29. 385. 

13—2 
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AB + G = AC+B, — ^where AB is a compound of an acid B with 
the base A, and G is another acid, — consists of two parts, one 
dependent on the nature of the acids, and the other on the nature 
of the base. By keeping the base constant and varying the 
.acids Ostwald has made a series of determinations of what he 
,calls the relative affmities of acids. Further research has shewn 
that these relative affinities of acids are constants of the utmost 
importance, inasmuch as they appear to quantitatively condition 
every chemical change in which the acids take part. Ostwald's 
investigations have, I think, established the assertion, — or at 
any rate established a very large probability in favour of the 
assertion, — ^that the specific intensity of any action brought 
about by an acid is conditioned by the value of the relative 
affinity of that acid. 

But even if this assertion is not at present accepted there 
can be no doubt, in the face of the experiments of Quldberg and 
"Waage, Ostwald, Thomsen, and others, that determinations 
of the relative affinities of acids are of the utmost value. 

When we consider the wide-spreading results which are 
likely to follow the cultivation of this field of inquiry we cannot 
but be impressed with the importance of prosecuting further 
researches on the lines of those already so successfully conducted 
by the naturalists whom I have named. 

227. One main difficulty is to find suitable methods for 
prosecuting these inquiries^. Now thermal chemistry presents us 
with methods for determining the relative affinities of acids. We 
have seen (Chap, iii.pars. 103 — 107) how Thomsen found values 
for what he calls the relative avidities of various acids. But the 
avidity of an acid is the same constant as the affinity. The 
amount of an action between two acids and a base is conditioned 
by (1) the relative affinities (or avidities), and (2) the active 
masses of the acids. 

We have glanced at the thermal method whereby the relative 
affinity of an acid may be determined ; let us now look at this 

1 Chemical changes must be chosen which are free from secondary reactions ; 
special experimental methods must be devised, and many difficulties must be 
surmounted. For a general account of what has been done by Ostwald and 
others see the author's PriTicipZ^tf of Chemistry t Book n., Chap. m. 
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method in the light of the theoiy of affinity of Guldberg and 
Waage\ 

228. For the convenience of subsequent treatment, Thomsen 
writes the equation 

as 

K{a-x)(fi''X)=^-{y + x){S + x). 

Then putting the product K.K^ = n*he deduces the following 
equation for finding the value of x, 

2(7i«-l) • 

The value of n must now be found. This may be done by 
using the experimental results obtained in the action of one 
equivalent of sodium sulphate on one equivalent of nitric acid. 
In this case 

a = i8=l; 7 = 8 = 0; 
and the above formula gives the value 

n 

But Thomson's results already referred to (Chap. m. par. 107) 
shewed that in the action of equivalent quantities of nitric and 
sulphuric acids on soda in dilute aqueous solution x = %\ that is 
to say, two-thirds of the soda combine with the nitric acid and 
one-third with the sulphuric acid. Hence 

aj= — T-T =# ; aiid therefore w = 2. 
w + 1 

This quantity n is the ratio of the avidities of the two acids 
acting simultaneously on the same base. 

Substituting the value of n thus found in the foregoing equa- 
tion for finding x, we have 

0? = J{4 (a + i8) + 7+S-V[4(a + i8) + 7 + S]»- 12(42)8-78)}. 

This formula may be used for finding the value of a?, that is 
the amount of chemical change, in all reactions between sulphuric 
and nitric acids and soda in dilute aqueous solutions. 

^ See Thomsen loc, cit, 1. 118—125. 
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Let M = the thennal value of a specified reaction. Let 
^5=Na^0,Aq; ^'5 = Na,N,O.Aq ; ^ = H,SO,Aq; and^'= 
HjN^Oj^Aq. Then let these compounds react in different pro- 
portions : — 

When the system has settled down into equilibrium the 
distribution of the salts is represented as 

(a - a?) ^5 + 09 - x)A'+ (y + x)A+{S + x) A'B. 

The formula given above for finding x, when the values of 
a, y, and S vary, may now be applied. 

Thomson's experiments furnish four groups of results. 

229. L B = [AB,fiA']; or jB = the thermal value of the 
action of one equivalent of sodium sulphate and )8 equivalents 
of nitric acid. 

Here a = 1; 7 = 8 = 0; and 

a; = f(l+)8-^/(l+)tf)»-3/8). 

Neglecting those parts of the chemical change the thermal 
values of which have been shewn experimentally to be almost 
equal to zero, we have 

[AB, fiJ'] = x i[A', B] - [A, B]) + (1 - cc)[A B, 

. Substituting the observed values, viz. 

[A', 5] = 27,234 and [A, 5] = 31,378 

we have 

[AB, ^A'^ = - 4144 x+Xl-x) \aB, A 

The following table shews the observed and calculated thermal 
values of this change for varying values of /8. 



/8 


X 


(l-.)[^^,j^^] 










observed 


alleviated 


1 

8 


0-121 


-424 


- 904 


- 924 


0-232 


^694 


-1616 


-1656 




0-423 


-910 


-2584 


-2662 


1 


0-667 


-784 


-3504 


-3546 


2 


0-845 


-446 


-4052 


-3948 


3 


o-ao3 


-296 


-4100 


-4038 



1 This is the same notation as was used before (Chap. in. par. 106). 



■ 
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The greatest difference between the observed and calculated 
numbers amounts to 104 units, or only 3 per thousand of the 
value of the heat of neutralisation of either acid. 

230. XL B = [AByA,2A']or = [AB,yA,2A']-[AB,yA']. 

That is, i2 = the thermal value of the action of one equiva- 
lent of sodium sulphate mixed with 7 equivalents of sulphuric 
acid on two equivalents of nitric acid. Here a = 1 ; )8 = 2 1 
8 = 0; and 

_ 12 + 7-V(12 + 7)'-96 
X g . 

Substituting the observed values we have 

[AByA, 2A'] = - 4144 a; + (1 - ^) ^AB,^^ a'^ - [AB, yA]. 

The observed and calculated values of the change, when 7 
varies from to 3, are presented in the following table. 



calculated 

0-845 - 446 -4052 -3948 

1 0-742 - 762 -1956 -1964 

2 0-667 - 998 - 1328 - 1424 

3 0-607 -1194 -1040 -1102 

The greatest difference between the observed and calculated 
numbers is again 104 units, or only 3 per thousand of the value 
of the heat of neutralisation of either acid. 

231. The third and fourth groups of results give data for 
finding 

III. B^[\AB,^A'B,^A]) 

IV. B = [A'B,yA\ 

The observed results agree, to within 2 per thousand of the 
heat of neutralisation, with those calculated by the aid of the 
formula which Thomson has deduced from the fundamental 
equation of Guldberg and Waage's theory. Thomson has also 
applied this method to the reactions occurring between hydro- 
chloric acid, soda, and sulphuric acid; the calculated and 
observed numbers agree very closely. 



Digitized by Google 



200 INTEKPRETATION OP THEBMAL DATA. [CHAP. V. ^ 232, 233. 



232. This investigation made by Thomsen on the one hand 
affords an independent verification of the theory of Guldberg and 
Waage, and on the other hand shews that thermal methods may 
with advantage be used in investigating the problems of affinity, 
provided the word affinity is employed with at least some such 
meaning as is given to it by the Norwegian naturalists. It seems 
to me very doubtful whether measurements of the quantities of 
heat absorbed or evolved in chemical operations can, in the 
present state of knowledge, help much towards gaining clearer 
notions of affinity regarded as an action and reaction between 
atoms. 

233. We have repeatedly had occasion to notice the appear- 
ance of a constant number in considering differences between the 
thermal values of comparable reactions. If the term affinity is 
employed to mean the resultant of the actions of the forces 
which come into play in a definite and simple chemical change, 
after eliminating as far as possible all physical and secondary 
changes, then it is possible that the differences between the 
thermal values of such definite and simple chemical processes 
may represent differences between the affinities concerned in 
these processes. As an instance of such differences we may 
take the following numbers : — 

[H, X] gaseous. 
Jr=Cl= 22,000 units. 
X=Br= 12,000 „ 
X-I = - 1,530 „ 

The probable conclusion is, that the differences between the 
affinities concerned in the three comparable reactions, viz. forma- 
tion of gaseous hydrochloric, hydrobromic, and hydriodic acids 
from their gaseous elementary constituents, are- expressed by 
the differences between the numbers 22, 12, and — 1'5. If this 
conclusion has any warranty then the differences between the 
thermal values of analogous simple chemical changes in which 
the same elements take part should be capable of being repre- 
sented as multiples of a common number. That this is so, we 
have had occasion to notice more than once^. Here are some of 
the data : — 

1 See e.g. Chap. in. par. 112. 
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(1) [H,X,Aq]. Z = 01 = 39,316 ;X= Br = 28,370 ;X= I =13,170; 

.-. [H, 01, Aq] - [H, Br, Aq] = 10,946 
and [H,01,Aq]-[H,I, Aq] = 26,146. 

(2) [K,X,Aq]. X=01= 101,170; Z=Br = 90,230;2r=I=76,020; 

,-. [K, 01, Aq] - [K, Br, Aq] = 10,940 
and [K, 01, Aq] - [Z, I, Aq] = 26,160. 

Alflo [Na, 01, Aq] - [Na, Br, Aq] = 10,930 

and [Na,01,Aq]-[Na,I,Aq] = 26,160. 

The difference between the heat of formation, in solution, of 
a chloride and a bromide of the same element is 10,940 units ; 
and the difference between the heat of formation, in solution, of 
a chloride and an iodide of the same element is 26,150 units. 
These differences reappear in the following data : — 

[M, C1-, Aq] . [M, Br», Aq] = 2 x 10,940| m - Ca Sr or Ou 
[M, 01', Aq] - [M, r, Aq] = 2 X 26,160/ ^^^"^ ^ ~ ^""^ 

Let us now keep the halogen constant but vary the positive 
radicle, always however replacing one radicle by another 
chemically comparable with it. Thus : — 

{4,660 when X= 01, 
4,650 when X= Br, 
4,620 when X=L 
And [Sr, Z», Aq] - [Oa, Z*, Aq] = 2 x 4,020 when X= a, Br, or I. 

Another constant diiSerence is exhibited in these numbers : — 



[XSO*Aq,Mg] 



[XCl»Aq,Mg] 



X=Fe = 6x 17,410 
X=0u = 7x 17,810 
X=Zn = 4x 18,120 
X=0d = 5x 18,280. 

X=Fe = 6x 17,390 
Z = 0u = 7x 17,750 
X= Zn X 4 X 18,520 
^Z = Od = 5x18,130. 



Here we might venture to say that the affinities concerned 
in the replacement of iron, copper, zinc, and cadmium, by 
magnesium, from aqueous solution of the sulphates or chlorides 
of these four metals, are approximately in the. ratio 5:7:4:5. 
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The problems of affinity have scarcely as yet been clearly 
and definitely stated. When this is done they will already be 
partly solved. 

Concluding Remarks. 

We have been trying to gain some knowledge of the mutual 
relations of chemical and thermal phenomena. Each chemical 
change has presented us with a two-sided phenomenon, a 
change of matter and a change of energy ; we have made some 
attempts to correlate these two transformations. We have 
found it necessary accurately to define the initial and final 
states of every chemical system, the energy-changes of which 
have been considered. As chemical occurrences present 
changes of material configuration they appear to involve trans- 
formations of pote]\tial as well as of kinetic energy; hence arises 
a great difficulty in the study of the energetics of these occur- 
rences. 

In attempting to apply dynamical principles to thermo- 
chemidal phenomena we have continually met with difficulties. 
How are we to measure the force exerted by one chemical 
system on another, or by one part of a system on another part 
of the same system ? In what direction are the forces applied 
whose actions we wish to study ? What shall be our unit of 
force ? 

We have considered various classes of chemicqj occurrences 
with the view of connecting changes of composition with 
changes of properties especially as the latter are measured by 
changes of energy ; with the view that ia to say of attempting 
to solve the fundamental question of chemistry. 

A thermal study of isomeric changes is likely to yield 
important results in this direction. 

For the most part we have found it necessary to interpret 
thermochemical data apart from any definite theory of the 
structure of matter; but at the same time we have tried to 
proceed on the broad lines of the molecular theory. 

The phenomena of dissociation presented a class of occur- 
rences at once chemical and physical. These phenomena, more 
I suppose than any others in thermal chemistry, are capable of 
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treatment by thermodynamical methods. At the same time 
they present interesting aspects to the student of pure chemistry. 

Then we were led to consider the great problems of affinity. 
In chemistry we must not be content with knowing the 
composition of this compound or that, or of this system or that, 
we must not be content even with knowing the changes which 
occur in these systems under defined conditions. We must ask : 
What are the forces at work in these changes ? What are the 
laws of these forces ? Can we generalise the observed facts 
regarding the mutual actions of chemical systems ? In a word, 
what can we know of chemical affinity ? I have tried to shew 
that thermal methods help us here, but that one must be careful 
to state thiB problems in such terms as render possible the 
application of the data of thermal chemistry. 

We examined the widest generalisation which has as yet 
been made connecting losses of energy with changes of chemical 
composition ; and we found it too wide. 

Of more promise than the law of maximum work, Thomson's 
researches on the relative affinities of acids open up a large and 
naost important field of inquiry. Again and again we have had 
occasion to turn to this eminent student of nature for data and 
for the interpretation of data. In his Th^mochemische Unter- 
suchwngen Thomsen has raised an enduring monument to him- 
self and has done much to rescue chemistry bom sinking to the 
rank of mere narrative. 

Chemists have again entered on the path of research opened 
up for them by BerthoUet in the early years of this century. 
They are making quantitative measurements of affinities, and 
so are gaining series of numbers each of which expresses many ^ 
facts and suggests many more. When we have accumulated 
measurements of affinities and can compare these values with 
the atomic and molecular weights of the elements and compounds 
whose affinities are known, we shall have made a real advance 
tow^ds understanding the connections which undoubtedly 
exist between chemical composition on the one hand and power 
of doing, or function, on the other. 

But thermal chemistry is yet in its beginning. The facts 
suggest more questions than they answer. Facts here go hand 
in hand with theory. We are not bound hand and foot by the 



Digitized by Google 



204 interfbetahon of thebmal data, [chap. v. sect. n. § 233. 



structural formulae which exert so deadly a tyranny 4n many 
departments of chemistry. Thermal chemistry wants more 
investigation and more interpretation of the facts it has already 
amassed For the bare facts are insufficient: as soon as we 
look at natural &ycta we begin to classify; so we connect and 
separate ; and then we theorise. 
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APPENDIX I. 

DATA RELATING TO HEATS OF FORMATION AND 
HEATS OF COMBUSTION. 

I. Heats of fiyrmation of compounds of norirmetala (including a/rsemc^ 
cmtimonyy and bismuth) according to the investigations of Thomsen^, 

Unless the contrary is expressed, the thermal values contained in 
the following tables are valid for a temperature of 18 — 20*^0 at con- 
stant pressure, and for the normal state of aggregation of constituents 
and products at that temperature. 

Hydrogen. 



Beaotion 


Thermal 
value 


Bemarks 




rci,H] 




22,000 






Br, H 


1 


8,440 






:i,H] 




- 6,040 


These thermal values are valid 








+ 68,360 


for the normal state of the ele- 




_S,Hj 




4,740 
11,890 


ments and products. The heat of 




N, W 




fusion and heat of vaporisation 




■C, H*l 




21,750 


Vfor one formularweight of H^O 




c, w 




28,560 


are, according to Regnault, 1,440 
and 9,660 units (at 100*) respec- 








- 2,710 




C*, H' 




-48,170 


tively. 




/+ 6,090 
I- 1,110 


Product is gaseous benzene. 



;ci,Hi 

Br, Hi 
I,H] 




21,984 + 0-9 x< 
12,244 + 0-9 x< 
- 605 + 0-9 X « 
57,903+ 1-6 x« 
8,942 + 1-9 x< 
11,792 + 5-0 x< 

^ Thermoc?iemi8che Untermchungent 2. 897 — 412, 



Valid for the temperature t if 
both the elements and the pro- 
ducts are assumed to be gaseous. 
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H',0-,Aq] , 
H'O, O, Aq] , 
H«0« Aq, W] 



Hydrogen peroxide, H,0,. 

45,300 'I Formation and decomposition 
> of hydro 
J solution. 

Oxygen. 



- 23,060 
+ 91,420 



i> of hydrogen peroxide in aqiu30UB 



Beftotion 


Thermal value 


Remarks 




[H», 01 


68,360 


Product^ liquid. 




Ol', 01 


- 17,930 




gaseous. 




N", 0] 


- 17,470 




)> 




N, 0] 


-r 21,575 








'C, OT 


+ 29,000 




» 






71,080 . 








se, on 


57,080 


}> 


crystalline. 




:n,o'T 


- 2,005 




gaseous. 


[c, OT 


+ 96,960 


f For amorphous carbon, acoord- 
\ ing to Favre and Silbermann. 




rs, 0-1 


103,240 
154,670 


Product, liquid. 




As", 0»] 




solid. 




r, on 


45,030 








■p, OT 


369,900 


» 






"As", 0^] 


219,380 







Chlorine. 
1. Va/riou8 chlorides. 



Beaotion 



Thermal 
value 



Bemarks 



H, C1] 

I, CI] 
I, Cl^l 
O, Cl) 

s», cn 

'Se^ CI* 

Se, cr 

Te, cr 

■p, cm" 
p, cH 

Ab, CP' 
"Sb, CP^ 

'Sb, cr' 

Bi, CV 

[c, ciT 

[C-, Cl*] 



22,000 
5,830 
21,490 
17,930 
14,260 
22,150 
46,160 
77,380 
75,300 

104,990 
71,380 
91,390 

104,870 
90,630 
28,230 
21,030 
6,000 
• 1,150 



Of the compounds of chlorine 
whose heats of formation are given 
here, HCl and Cl^O are gaseous 
at a temperature of 18 — 20*^, while 
at the same temperature 101 , 
SeCl,, TeCl , PC1„ SbCl3, and 
BiClg are solid, and all the rest 
liquid. The thermal value is valid 
for the state of aggregation nor- 
mal to the bodies at the tempera- 
ture mentioned, and for rhombic 
sulphur, amorphous selenion, me- 
tallic tellurium, ordinary phos- 
phorus, and amorphous carbon. 
Product, liquid. 
„ gaseous. 
„ liquid. 
„ gaseous. 
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[H, CI 

■H, 01, Aq] 

HCl, Aq] 



2. Hydrochloric acid, HCL 



22,000 
39,315 
17,315 



Product, gaseous. 

„ aqueous solution. 
Heat of solution. 



3. HypocMorovs acid, HCIO. 



CP, O] 
CI', O, Aq] 
^C1»0, Aq] 
CI, O, H, Aq] 
NaOHAq, OlOHAq] 



- 17,930 
- 8,490 
+ 9,440 
29,930 
9,980 



Gaseous compound. 
Aqueous solution. 
Heat of solution. 

ClOH formed in aqueous solution. 
Heat of neutralisation. 



Cl«, 0^ Aq] 
CI, 0^ H, Aq] 
ClOHAq, OT 
'HClAq, 



4. Chloric acid, m:^0^. 



-20,480 
+ 23,940 
- 5,990 
- 15,380 



ClgOg formed in aqueous solution. 
CIO3H Aq formed from its elements. 
ClOgHAq formed from ClOHAq. 
ClO^HAq formed from HClAq. 



[K, a, OT 

[KCl, 

[KC10^ Aq] 
XCl, O^Aq] ' 
KClOAq, O*] 

[KClAq, 0^ 

[KOHAq, HClO'Aq] 



5. Potassium chlorate, KCIO3 
95,860 



- 9,750 

- 10,040 
+ 85,820 

- 2,210 

-15,370 
+ 13,760 



Cryst. KCIO3 formed from its ele- 
ments. 

Cryst. KCIO3 formed from KCl 

and O3. 
Heat of solution. 

KClOgAq formed from its elements. 
„ „ from KClOAq and 

o.. 

KClOjAq „ from KClAq and 

o.. 

Heat of neutralisation. 



2[H,01,Aq]-[H',0] 

[H,dl, Aq]-[H,01, 

0,Aq] 
[H,Cl,Aq]-[H,01, 

O'Aql 
[01«,Aq^ 



Gomta/nU of Oxidation, 
10,270 
9,380 



15,380 
2,600 



Oxidation by water and chlorine 
gas. 

Oxidation by decomposition of 

HOlOAq to form HOlAq. 
Oxidation by decomposition of 

HC103Aq to form HClAq. 
Heat of solution of chlorine. 
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Reaction 



Thermal 
value 



Bemarks 



[H, Br] 
[H, Br, Aq] 
[HBr, Aq] 

[Br-. O, Aq] 
[Br,0,H,Aq] 

[Br', 0», Aq] 

[Br, H, Aq] 
[HBrAq, C] 



1. Hydrohromic add^ HBr 
8,440 



28,380 
19,940 



Formation of the gaseous 

compound 
Formation of the aqueous 

solution 
Heat of solution. 



from 
liquid 
bromine. 



2. Hypchnymoua acid, HBrO. 

- 16,190 I Formation of Br.O and BrOH in 
> aqueous solution, from the ele- 
+ 26,080 D ments. 

3. Bramic add, HBrO,. 
-43,520 



+ 12,420 
- 15,960 



I Formation of Brfl^ and BrO,H in 
> aqueous solution, from the ele- 
I ments. 
Formation of HBrO,Aq by oxida- 
tion of HBrAq. 



4. Potassium hromatey KBrO,. 



[K, Br. 0^ 


84,060 


[KBr, 0»] 


- 11,250 


[KBrO', Aq] 
[k, Br, 0', Aq] 


- 9,760 
+ 74,300 


[KBrAq, C] 


- 16,930 


[K:OHAq,HBrO*Aq] 


13,780 



Formation of cryst KBrO, from 

its elements. 
Formation of cryst. KBrO, from 

KBr and O,. 
Heat of solution. 

Formation of KBrO,Aq from its 

elements. 
Formation of KBrO,Aq from 

KBrAq and O,. 
Heat of neutralisation. 



5. Constanta of Oxidation. 



2[H, Br,Aq]-rH',0] 
2 H, BrAql-fH-, O] 
[Br»,Aq] 



-11,600 
-12,680 
+ 1,080 



Oxidation by bromine and water. 

„ by bromine water. 
Heat of solution of bromine. 
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Beaction 



Thennal 
value 



Remarks 



[H, I, Aq] 
[HI, Aq] 



rr, OT 

I, 0^ H] 

"r, O*, Aq] 
I, 0«, H, Aq] 
I'O*, H'O] 

■PO^ Aq] 
10«H, Aq] 

'HIAq, on 
HI, 0^ 



1. Hydriodic acid, HI. 

Formadon of gaseous HI. 

„ HI in aqueous solu- 



- 6,040 
+ 13,170 



19,210 



tion. 
Heat of solution. 



2. Jodie acid, HIO3. 

( Formation of 1,0^ and IO3H from 
the elements. 



45,030 
57,960 
47,570 
43,240 
55,800 
2,540 

- 1,790 

- 2,170 
42,630 
64,000 



^Formation of the same bodies in 
aqueous solution. 
Formation of the hydi-ate. 
) Heats of solution of the anhydride 
( and the acid. 

) Formation of lOgHAq and 10 H 
S by oxidation of HIAq and HI. 



[K, I, OT 

[KI, O'] 

[KIO-, Aq] 
[K, I, 0», Aq] 

[KIAq, OT 

[KOHAq, HIO'Aq] 



3. Potassium iodate, KIO3 
124,490 



44,360 

- 6,780 
117,710 



Formation of cryst. KIO3 

elements. 
Formation of cryst. KIO3 from KI 

and O3. 
Heat of solution. 

Formation of KIOgAq from its 

elements. 
Formation of KIOgAq from KIAq 

and O3. 
Heat of neutralisation. 



[I, o^ HT 

ri, 0^ , Aq] 
'l, q\H, Aq] 




[KOHAq, H*IO«Aq] 
[2K0HAq,H*I0«Aq 

M. T. C. 



42,690 

13,810 

Periodic acid, H^IO^. 
185,780 



184,400 
47,680 
27,000 
- 1,380 
34,510 

5,150 
26,590 



Formation of crystallised H^IO^ 

from its elements. 
I Formation of periodic acid in 
> aqueous solution, from the con- 
) stituents indicated. 
Heat of solution. 

Formation by oxidation of solution 
of hydriodic acid. 

Heats of neutralisation. 

14 
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6. Iodine chlorides, ICl and ICI3. 




5,830 
21,490 
15,660 



Formation of liquid ICL 
„ „ solid ICI3. 

„ ICI3 from ICl and 

01.. 



SuLPHVB (rhombic). 



Beaotion 



Thermal 
value 



Remarks 



[H*. S] 
[H^S, Aq] 



1. Sulphuretted hydrogen, H^S. 

4,7 40 Formation of gaseous H^S. 
9,300 „ „ HgS in aqueous solu- 

tion. 
Heat of solution. 



4,560 



2. SvZphwrovs cmhydride, SO,. 



[s,o^ 

^s,o^ 

S, 0», Aq] 
SO", Aq] 
S0», Aq] 

2NaOHAq, SO'Aq] 



71,080 

77,280 
78,780 
7,700 
1,500 
28,970 



Gaseous product (for monoclinic 

sulphur = 71,720). 
Liquid product (latent heat 6,200). 
Formation in aqueous solution. 
Heat of solution. 
Heat of solution of liquid SO^. 
Heat of neutralisation. 



3. Sulphuric acid, H,SO^. 



[S,0»] 

[SO-, O] 
[S*, w 



] 

[2S0», H«0] 

[S, 0^ H-] 

[S, 0^ H'O] 
SO', O, H«0] 
'S0», H*0] 
SO*, O*, H»] 
S, 0«, Aq] 
'S0^ O, Aq] 
'SO^Aq, O] 
■S0^ Aq] 
WH», Aq] 
'SO*H*, Aq] 
'2NaOHAq, SO'Aq] 



103,240 

32,160 
230,500 

24,020 

192,920 

124,560 
53,480 
21,320 
121,840 
142,410 
71,330 
63,630 
39,170 
54,320 
17,850 
31,380 



Liquid SO3 formed from its ele- 
ments. 

Liquid SO formed from SO, and O. 
„ HjSgOy formed from its ele- 
ments. 

Liquid H^S.O^ formed from 2SO3 

and HgO. 
Liquid H^SO^ formed from its ele- 

menta 

Formation of liquid H^SO^ from 
the constituents specified. 



Formation of sulphuric acid in 
f aqueous solution. 

j Heats of solution of the anhy- 
>dride and the acids, with 1600 
) formula-weights of H^O. 
Heat of neutralisation. 
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rS«, 0«, Aq] 
S», 0^ H», Aq] 
S0^ S, Aq] 
'SO^Aq, S] 
;SO»Aq, SH»] 



Thiosvlphwric acid, H^SjO,. 

Formation in aqueous solution. 



69,470 
137,830 

- 1,610 

- 9,310 

- 9,320 



265,070 



Formation from sulphurous acid 

and sulphur. 
Formation from SH, and aqueous 

sulphuric acid. 
Product, Na,S,03.5H,0. 



5. DUhiomc ctdd, H^SjO^. 



S«, O*, Aq] 
S«, 0^ Aq] 
■2S0«, O, Aq] 
■2S0"Aq, O] 
SO'Aq, SO^Aq] 
^K^SO*, SO*] 

K«OAq, SWAq] 

K«, s«, on 

K»S»0«, Aq] 



211,080 
279,440 
68,920 
53,520 

- 10,110 



27,070 
415,720 

- 13,010 



Formation of aqueous solutions 
from the elements. 

Formation by oxidation of SO, 
orSO,Aq. 

Formation from SOgAq and SO^Aq. 
Formation of K^jS^O^ from K,SO^ 

and SO,. 
Heat of neutralisation. 
Heat of formation of K^S^Og. 
Heat of solution of the same. 



6. 



TetroaMonic acid, TL^fi^, 



^S^ O*, Aq 
■S^ 0\ H», Aq] 
;SWH»Aq, S»] 

[2S"0^H»Aq, O] 

[K^'o^ s», 2S0*] 



192,430 
260,790 
- 18,650 

53,490 

255,050 



\ Formation of aqueous solutions 
J" from the elementn. 
Formation from dithionic acid and 

s.. 

Formation by oxidation of thio- 

sulphuric acid. 
Formation of crystallised K^S^O^. 



[S*, Cl»] 
[S"C1«, S^ 



7. Svlphwrous chloride^ 8,01,. 



14,260 
- 1,660 



Direct formation. 

Heat of solution of sulphur in S,01,. 



[S, 0«, CIT 
[S0^ CP] 



8. SvUphv/ryl chloride, S0,C1,. 



89,780 
18,700 



Formation from the elements. 

SO. and CL. 



14—2 
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Selenion (amorphous). 



Beaotion 



Thermal 
Talue 



Bemarks 



L Sdenion chlorides, Se,Cl, and SeCl^. 



'Se«, cn 

Se, CI*] 
Se'Cl", 3C1»] 
Sea*, Aq] 



rse,o^ 

Sa, 0», Aq] 
SeO", Aq] 
Na'OAq, SeO^Aq] 



rSe, 0-, Aq] 
SeO", O, Aq] 
SeO'Aq, O] 
Na'OAq, SeO'Aq] 



22,160 
46,160 
70,170 
30,370 



• Direct formation. 

Formation of SeCl^ from Se^Olg. 
Heat of solution of selenion tetra- 
chloride. 



2. Sdmiovs oxide, SeO,. 



57,080 
56,160 
920 
27,020 



Formation of crystallised oxide. 

„ in aqueous solution. 
Heat of solution. 
Heat of neutralisation. 



3. Selenic o/dd, H^SeO^. 



76,660 
19,580 
20,500 
30,390 



Formation from the elements. 

„ „ cry St SeOg. 

„ by oxidation of SeO^Aq. 
Heat of neutralisation. 



Tellurium. 



Beaotion 



Thermal 
value 



Bemarks 



'e, CI*] 
TeCl*, Aq] 



1. TeUwrivm tetrachloride, TeCl^. 



77,380 
20,340 



Direct formation. 
Decomposition by water. 



[Te, 0^ H»0] 

[Te, 0«, Aq] 
[TeO".H«0, O, Aq] 



2. Tellurous add, HgTe03. 

77,180 I Formed from tellurium, oxygen, 
I and water. 



3. Telluric acid, H^TeO^. 
98,380 



21,200 



Direct formation in aqueous solu- 
tion. 

Formation by oxidation of 

Te0,.H,O. 
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NiTBOOEN. 



Beaction 



Thermal 
value 



BemarkB 



1. Ammonia^ ^H,. 



FN, H»] 
N, ff, Aq] 
NH^ Aq] 
'Nff, HCll 
Nff, HBr] 
■NH^ HI] 
■Nff , S] 
"N, H*, CIT 
N, H*, Br] 
X H*, II 
'N,H^S1 

"N", H*, on 

'N«, H*, on 
'Nff Aq, HClAql 
"NH'Aq, H»SA(il 



11,890 
20,320 

8,430 
41,900 
45,020 
43,460 
22,440 
75,790 
65,350 
49,310 
39,070 
64,950 
88,060 
12,270 

6,190 



Heat of formation. 
Formation in aqueous solution. 
Heat of solution. 

(Formation of the crystallised 
compounds from the gaseous con- 
stituents; e.g. NH^Cl from NH, 
and HCl. 



t Formation of the salts from the 
1 element& 



Heats of neutralisation. 



2. Hychoicylamine^ NOH^. 



rN,H»,0, Aq] 
'NffAq, O] 

% o, m ei] 

[N0H*C1, Aq] 
•N*0*H«.H»S0*, Aq] 
NOH'Aq, HClAq] 
'2N0H«Aq, 

H«SO*Aq] 



24,290 
3,970 
76,510 

3,650 
960 
9,260 
21,580 



Formation in aqueous solution. 
„ by oxidation of NH Aq. 
of cryst. NH3O.HCI 
from the elements. 
Heats of solution of the chloride 
and sulphate. 

Heats of neutralisation. 



rN», o] 

'NO, N] 
'N«0, 2H»0] 



3. Nitrous oodde, Nfi, 



17,470 
3,835 
30,920 



Heat of formation. 
Formed from NO and N. 
Product, NH^.NO,. 



FN, O] 
[N^O, O] 



4. Nitric oxidey NO. 

— 21,575 I Heat of formation. 
25,410 I Product, 2N0. 
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[N", O", Aq 
N, 0», H, Aq] 
N'O", O, Aq] 
NO, O, H, Aq] 
N", 2H»0] 



FN, 0-1 
NO, O] 
NO", Aq] 



FN', O*, Aq] 
N«0, O*, Aq 
'N*0», 0\ Aq 
'N*0*, O, 
'N, 0», H] 




5. 

+ 

+ 



Nitrous acid, HNO,. 

\ Formation in aqueous solution. 

„ from NO. 
Product, NH^.NO,. 

Nitrogen dioxide, NO,. 
2,005 



6,820 
30,770 
36,330 
52,345 
71,770 



19,570 
7,755 



Heat of formation. 
Formed from NO and O. 
Heat of solution. 



7. Nitric acid, HNO,. 



, - - ?0] 
NO"H, Aq] 
N, 0^ K, Aq\ 
NO, O", H, Aq] 
NO', O, H, Aq] 
NO'HAq, O] 
'NaOHAq,IlNO"Aq] 



29,820 
47,560 
72,970 
33,830 
41,610 
63,185 
43,615 
18,770 
7,840 
49,090 
70,665 
51,095 
18,320 
13,680 



Formation in aqueous solution, 
- by oxidation of N,, N,0, N^O, or 



Formation of HNO^ from the 
r constituents mentioned. 

Heat of solution. 

I Formation of HNO3 in aqueous 
j solution. 

Heat of neutralisatioD. 



[C, N'] 

■c, N, la] 

'C*N», H*] 



8, Cyanogen, and Hydrocyanic acid 
^ 65,700 



- 27,480 
+ 10,740 



I Gaseous products. 
Product, 2CNH. 



Phosphorus. 



Beaotion 



Thermal 
value 



Bemarks 



[P, CP] 

■p, cv] 

'P, CP, O] 
'PCP, CP] 
■PCP, O] 
■PCP, Aq] 
PCP, Aq] 
■POCP, Aq] 



Chlorides and Oocychloride, 

75,300 
104,990 
145,960 



Direct formation from the ele- 
ments. 



70 660 1^^™*^^^ fr^™ 1*^8 • 
65,'l40 ) 
123,440 {-Heats of solution. 
72,190 ) 
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2. Uypophosphorom acid, H3PO,, 



[P, 0», W] 
[P, H», Aq] 

[PO'ff, Aq] 

[P», O, 3H'0] 
[P^ O, Aq] 



[P, 0^ ff] 
[P, 0^ , Aq] 

[PO»ff , Aq] 

[P*, 0^ 3ff O] 
[P», 0^ Aq] 



[P, O*, ff] 
[P, O*, , Aq] 
[PO'ff , Aq] 

p^ on 

'P«, 0^ 3H^0] 
:P-, 0^ Aq] 



139,970 
137,660 
139,800 
170 

+ 2,140 
74,860 
74,520 



Crystallised acid. 
Liquid acid. 
Aqueous solution. 
Heat of solution of the crystallised 
acid. 

Heat of solution of the liquid acid. 
Product, crystallised acid. 
Aqueous solution. 



3. PhoaphoTom acidy HgPOg. 



227,700 
224,630 
227,570 
130 

+ 2,940 
250,320 
260,060 



Crystallised acid. 
Liquid acid. 
Aqueous solution. 
Heat of solution of the crystallised 
acid. 

Heat of solution of the liquid acid. 
Crystallised acid. 
Aqueous solution. 



4. Phosphoric add, HgPO^. 



302,600 
300,080 
305,290 
2,690 
5,210 
369,900 
400,120 
406,500 



Crystallised acid. 
Liquid acid. 
Aqueous solution. 
Crystallised acid. 
Liquid acid. 
Anhydride. 
Crystallised acid. 
Aqueous solution. 



Absenic. 



Reaction 



[As, Cn 
[AsCP, Aq] 



[As', on 
'As«, 0\ Aq] 
'As»0^ Aq] 
'Na'OAq, Aa'O'Aq] 



Thermal 
value 



Bemarks 



1. Arsenious chloride^ AbCI 



71,390 
17,580 



Heat of formation. 
Heat of solution. 



2. Arsenious ooddcy As^Og. 



154,670 
147,120 
- 7,560 
+ 13.780 



Anhydride. 

Formation in aqueous solution. 
Heat of solution. 
Heat of neutralisation. 
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3. Arsenic add, H^^AbO 



As", 0», 3H«0] 
As'O*, 3H»0] 

[As-, 0», Ao] 
[As, 0^ Hf 

[ As'O*, ()•] 
[Afi'O'Aq, ()•] 

[Afi'0», Aql 
[AbO*H», Aq] 



219,380 
226,180 
6,800 

225,380 
215,630 

64,710 
78,260 

6,000 
400 



from Ab„0. and 



Anhydride. 
Solid acid. 
Acid formed 

3H,0. 
Aqueous solution. 
Crystallised acid. 

Oxidation of arsenious oxide to 
-form arsenic oxide. Measured di- 
rectly = 64,860 and 78,410. 

Heats of solution. 



Antimony. 



Beoction 



Thermal 
value 



Bemarks 



[Sb, CI'] 
[Sb, Cl»] 
[SbCl», CI'] 

[SbCl', Aq] 

[SbCP, Aq] 



[Sb*, 0\ 3H'0] 
[Sb, O*, H, H'O] 



Sb', O*, 3H'0] 
Sb, 0^ H, H'O] 
SbO'H", O] 



1. Chhndea. 

91,390 
104,870 
13,480 

7,730 

8,910 
35,200 



^ Heats of formation. 

SbCl, formed from SbCl3. 
Complete decomposition. 
Formation of Sb^O^Cl,. 
Complete decomposition. 



2. Antimonwua add, 

167,420 I 
117,8901 



[Formationof solidacid HSbO,.H,0. 



3. Antinwnic add, 
228,780 D 

148 570 VFormationofsolidacidHSb03.H,0. 
30,680 ) 

Bismuth. 



Beaction 



Thermal 
value 



Bemarks 



1. Bisnmthoua chloride and Bismv/thovs oxycldoride, 



Bi, CP] 

Bi, O, CI, H'O] 
BiCP, H»0, Aq] 
BiOT, 3H'0, Aq] 
BiO^^ff , HClAq] 



BiClg and BiOCl 
90,630 



88,180 
7,830 
6,350 

14,180 



Heats of formation. 

Formation of BiOCl . H,0. 

„ Bi03H3 from BiCl3. 
„ „ BiOCl from BiO^H.. 
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2. So-calkd bismuthie acid, BiO,H,. 

[Bi*, O", 3H'0] 137,740 |l - 

tsi, O', H, H'6] 1031060 \\ formation. 



Cabbom. 





Thermal value 




Beaction 


for gaseous products 


Remarks 


At constant 


At constant 




pressure 


volume 





1. Gompownds u?ith hydrogen. 



[C, m 




21,750 
28,560 

- 2,710 

- 48,170 

- 1,110 


21,170 
27,400 

- 3,290 

- 48,170 

- 2,270 




+ 45,460 
31,270 
14,940 


+ 44,880 
30,690 
14,940 



c, cn 

c"ci*, cn 
cci*, 4Hn 

'CH*, 4CPJ 



Methane. 
Ethane. 
Ethylene. 
Acetjlena 

Heat of formation for 
liquid benzene = + 6090. 

Product, an,. 



2. Gompormda with chlorine. 

21,030 20,450 For Uquid CC1, = 28,230. 

1,150 - 1,730 „ C,C1, = 6000. 

43,210 42,630 Product, 2CC1,. 

88,720 88,720 „ CH, + 4HC1. 

87,280 87,280 „ CC1, + 4HCL 



3. Gompomida toith oxygen cmd mlphv/r. 



According to Favre and 

Silbemiann. 
For liquid CS, = - 19,610. 



Heats of formation. 



4. Gompovmda loith nitrogen. 



[c,9] 


29,000 
96,960 


29,290 
96,960 


[c, ST 

'C, 0, S] 

"c, 0, cin 

'CO, 0] 
'CO, S] 

:co, ciT 


- 26,010 
37,030 
55,140 
67,960 
8,030 
26,140 


- 25,430 
37,320 
54,850 
67,670 
8,030 
25,560 



C, N, k] 
C, N«, W] 

CNH, 3HT 



65,700 
27,480 
10,740 
6,790 
61,120 



- 65,700 

- 27,480 
+ 10,740 

- 6,790 
+ 59,960 



For liquid C]SrH=-21,780. 
I Product, 2CNH. 
Product, CH^ + NH,. 
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•5. Oxalic aaid cmd Carbon dioxide. 



Beaction 


Thermal 
value 


Bemarks 


, , n J 
C, 0*, H«, 25^0] 
•C*0*H«, 2H«0] 
■C«0*H«, Aql 
'C«0*H" . 2ffO, Aq] 
CO", Aq] 
C, 0>, Aq] 
CO, 0, Aq] 
'2C0, 0, Aq] 


202 540 
208,870 
6,330 

- 2,260 

- 8,590 
+ 5,880 

102,840 
73,840 
73,920 


„ crystallised acid. 
Formation of the hydrate. 

1 Heats of solution of oxalic acid. 

Heat of solution of carbon dioxide. 

1 Product, COj^Aq. 



II. Heats of formation of compounds of metals a^ccordvng to the 
investigations of Thomsen^, 

All the values hold good for a temperature of about 18^0, and 
for the normal state of the bodies at that temperature. 

In tables 1, 2, 3, and 6, colun^n 1 contains the formula, and 
therefore shews the constituents of tlie compound ; column 2 contains 
the quantity of heat evolved in the reaction, and column 3 the heat 
of solution of the product ; while the value in column 4, which is the 
sum of the corresponding values in columns(l 'and^^ expresses the 
quantity of heat evolved supposing the compound to be formed in 
presence of a large quantity of. water. 



Metallic chlorides. 



Beaction 


Heat of forma' 
tion of the 
compound 


Heat of solution 
of the 
compound 


Heat of forma- 
tion of the 
compound in 
aqueous solution 


[K«, cn 

CP] 
'Li«, CP] 
'Ba, CP] 
Ba, CL, 2H»0] 
'Sr, CP] 
Sr, CP, 6H*0] 


211,220 

195,380 

187,620 
194,740 
201,740 
184,550 
203,190 


- 8,880 

- 2,360 
+ 16,8JB0 
+ 2,070 

- 4,930 
+ 11,140 

- 7,500 


202,340 
193,020 
204,500 

■ 196,810 
195,690 



Thermochemische XJntersuchungen, 3. 505-522. 
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Ca, OT] 169,820 

Ca, CP, 6H»01 191,980 

'Mg, CT] 161,010 

'Mg, CP, 6H»0] 183,980 

'AT, C['\ 321,960 

■Mn, Cn 111,990 

"Mil, CP, 4H»0] 126,460 

'Zn, Cn ^ 97,210 

"Cd, CP] 93,240 

'Cd, a», 2H»0] 95,490 

'Fe, CP] 82,050 

"Fe, a», 4H»0] 97,200 

'Fe", CP] 192,080 

'Co, CIT 76,480 

Co, CP, 6H»0] 97,670 

"Ni, an 74,530 

'Ni, a», 6H»0] 94,860 

'Cu», Cn 65,750 

'Cu, Cin 51,630 

'Cu, Cl^ 2H»0] 58,500 

■Pb, a»] 82,770 

'Hg», m 82,550 

'Hg, a«J 63,160 

'Hg, CP, 2KC1, H»0] 69,290 

"Tl", CP] 97,160 

'Ag»,CP] 58,760 

'Au', Cin 11,620 

'Au, aT 22,820 

'Au, CP, 2H»0] 28,960 

Au, CP, H, 4H»0] 76,950 

'Sn, CP] 80,790 

■Sn, CP, 2H«0] 86,560 

'Sn, C[% 2KC1, H'O] 85,680 

Sn-, CP] 127,250 

"Sn, C[\ 2KC11 151,400 

■Pd, a», 2KC1' 52,670 

'Pd, CP, 2KC1" 79,060 

'Pt, CP, 2KC1] 45,170 

'Pt, CP, 2AmCl] 42,550 

'Pt, CI*, 2Ka] 89,500 

■pt, CI*, 2^01] 73,720 

'Pt, CP, 2NaCl, 6H«0] 92,890 

'Te, a*l 77,380 

"As, Cin 71,390 

'Sb, CP] 91,390 

"Sb, CP] 104,870 

'Bi, m 90,630 



+ 17,410 

- 4,340 
+ 35,920 
+ 2,950 
+ 153,690 
+ 16,010 
+ 1,540 
+ 15,630 
+ 3,010 
+ 760 
+ 17,900 
+ 2,750 
+ 63,560 
+ 18,340 

- 2,850 
+ 19,170 

- 1,160 



+ 11,080 
+ 4,210 
- 6,800 



- 3,300 

- 16,390 

- 20,200 



4,450 

1,690 

5,830 
350 

5,370 
13,420 
29,920 

3,380 
13,630 
15,000 
12,220 

8,480 
13,760 

8,540 
10,630 
20,340 
17,580 



187,230 

186,930 
47,5,650 
128,000 
112,840 
96,250 

99,950 
255,440 
94,820 

93,700 



62,710, 
75,970 

59,860 
52,900 
76,960 



27,270 

71,120 

81,140 

72,260 
157,170 
148,020 
39,040 
64,060 
32,950 
34,070 
75,740 

82,260 

97,720 
88,970 
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Mbtaixic bromides. 



The valaes are calculated for liquid bromine. Reactions for 
bromine water are 1020 units less than the figures in the table. 





Heat of forma- 


Heat of solution 


Heat of foma- 

tion of the 
oomponnd in 
aqueous solution 


Beaotion 


tion of the 


of the 


compound 


oomponnd 



^K-, BrH 
Na«, Brh 
'Na«, Br'.WO] 
''Li', Br«J 
'Ba,Br«J 
Ba, Br«, 2H'0] 
Sr, Br^l 
Sr, Br^, 6H«0] 
Oa, Br*] 
Ca, Br*, 6ffO] 
Mg, Br"] 
Al', Br*' 
Mn, Br' 
'Zn, Br»J 
Gd, Br"] 
Cd, Br", 4ffO] 
Fe, Br«1 
Co, Br' 
Ni, Br"" 
Cu», BrH 
Cu, Br«J 
Pb, Br*! 

:Hg-, Bf] 

Hg, Br»] 
Hg, Bi"", 2KBr] 
Tl", Br«i 
'Tl», BrT 
'Ag», Br^l 
Au«, Br^ 
'Au, Br*] 

'Au, Br*, H, 6H«0] 
Pt, Br", 2KBrl 
•Pt, Br\ 2KBr] 
•pt, Br*, 2NaBr] 
Pt, Br*, 2NaBr, 6H"0] 



190,620 
171,540 
180,680 



169,960 
179,070 
157,700 
181,010 
140,850 
166,450 



239,440 

75,930 
75,200 
82,930 



49,970 
32,580 
64,450 
68,290 
50,550 
51,780 
82,590 



45,400 
160 
8,850 
52,560 
32,310 
59,260 
46,790 
65,330 



- 10,160 

380 

- 9,420 



+ 4,980 

- 4,130 
+ 16,110 

- 7,200 
+ 24,510 

- 1,090 

+ 170, 600 » 



+ 15,030 
+ 440 
- 7,290 



+ 8,250 
- 10,040 



9,750 



3,760 
11,400 
10,630 
12,260 
9,990 
8,550 



180,460 
171,160 
182,620 
. 174,940 

► 173,810 

165,360 

165,050 
410,040 
106,120 
90,960 

. 75,640 

78,070 
72,940 
71,820 



40,830 
54,410 



42,030 



112,900 



5,090 
41,160 
21,680 
47,000 

56,780 



^ This value is taken from Berthelot's investigations. 
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Metallic iodides. 
The values are calculated for solid iodine. 



Beaction 



Heftt of forma- 
tion of the 
compound 


Heat of solution 
of the 
compound 


160,260 
138,160 


- 10,220 
+ 2,440 

_ 09.0 


151,370 


- 6,850 


140,780 


+ 178,000 


49,230 
48,830 


+ 11,310 
960 


32,520 
39,800 
48,440 
34,310 
37,350 
60,360 
27,600 
- 11,040 
+ 18,180 


- 9,810 



Heat of forma- 
tion of the 
compound in 
aqueous solution 



[K«, P] 
Na', r, 4H»0] 
Ba, r, 7ffO] 




Mg,r 

'Mn, r 

zn, r 
Cd, v 

Fe, r 

Co, r' 
Ni, r" 

•pb, rj" 

Hg, IT 
Hg, r, 2KI] 

:Ag-, 1 

•pd, r, ffo] 



150,040 

140,600 

a52,200 
144,520 
143,460 
134,940 
318,780 
134,630 
75,000 
60,540 
47,870 
47,650 
42,520 
41,400 



27,540 



Compounds formed by the action op aqueous solutions 
OP the haloid acids on haloid compounds op the metals. 

If mercury is dissolved in hydrobromic acid, and bromine is 
added, the result is a solution qf HgEr^, 2HBr, with an evolution of 
52,190 units of heat The same solution may also be formed by 
dissolving mercuric bromide in hydrobromic acid, but in this case 
the thermal value is less by the heat of formation of mercuric bromide, 
for 

[Hg, Br», 2HBrAq] = [Hg, Br^] [HgBr», 2HBrAq] ; 
and since [Hg, Br*] - 50,550, it follows that 

[HgBr*, 2HBrAq]= 1,640. 
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In this WSJ we find the following values : — 
[HgCl«, 2HClAq] = - 1,380 
[HgBr^, 2HBrAq] = + 1,640 
[Hgr,2HIAq]= 3,450 
[AuCl»,HClAq]= 8,980 
[AuBr',HBrAq]= 3,940. 

We may also calculate the thennal value of the reaction of 
aqueous solution of one of the haloid acids on an aqueous solution of 
any of the haloid salts in the above table. 
Thus required the value of the reaction 
[Au, CI', HClAq]. 
This reaction, if expanded thermally, may be written thus 

[Au, CI', HClAq] = [Au, CI'] + [AuCl', HClAq]. 
Now [Au, CI'] = 22,820 (p. 219) 

and [AuCl'. HClAq] = 8,980. 

Sum = 31,800. 

But the above reaction [Au, CI', HClAq] may also be written as 
composed of the parts 

(1) [Au, CI', Aq], and (2) [AuCl'Aq, HClAq]. 
Now [Au, CI', Aq] = 27,270. 

Hence [AuCl'Aq, HClAq] = 31,800 - 27,270 

= 4,530. 

The heats of neutralisation of all the acids in the table on p. 223, — 
regarding, that is to say, HgCl22HCl <&c., as definite acids — are 
equal to that of hydrochloric, hydrobromic, and hydriodic acid 
respectively, viz. 27,200 gram-units for 2NaOH. Hence, the heat 
evolved in the formation of a soluble salt of one of the acids in 
question is equal to that evolved in formation of the acid itself. Thus 
[Pt, Cl», 2HClAq] = [Pt, Cl», 2NaClAq] = [Pt, CP, MgCPAq]. 

This statement holds for the salts of the alkalis, of the alkaline 
earths, and of the bases of the magnesia series. A further conse- 
quence is that platinous chloride, e.g., dissolves with equal develop- 
ment of heat in solutions of hydrochloric acid, calcium chloride, 
magnesium chloride, or other metallic chlorides. 
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Beaotion 



Thermal value 



Hg, CP, 2HClAq] 
Hg, Br«, 2HBrAq] 
[Kg, r, 2HIAq] 

[Sn, Cl», 2HClAq] 
[Sn, CP, 2HGlAq] 

[Pd, CP, 2HClAq] 
[Pd, CP, 2HClAq] 



Pt, CP, 2HClAq; 
■Pt, Br^, 2HBrAq] 
'Pt, CP, 2HGlAq] 
;Pt, Br^ 2HBrAq] 

[Au, CP, HClAq] 
[Au, Br", HBrAq] 



61,780 
52,190 
37,760 

81,000 
156,920 

47,920 
72,9401 

41,830 
31,840 
84,620 
57,160 

31,800 
12,790 



Metallic cyanides. 
See remarks prefixed to preceding tables (p. 218). 



Beaction 



Heat of forma- 
tion of the 
compound 



Heat of solution 
of the 
compound 



Heat of forma- 
tion of the 
compound in 
aqueous solution 



Zn, Cy*' 
Cd, Cy*' 
:Hg, Cy^ 

Zn, Cy^, 2KCyAq 
Cd, Cy^ 2KCyAq' 
Hg, Cy^ 2KCyAql 
Ag«, Cf, 2KCyAq'] 



130,700 
53,400 

18,950 
2,790 



- 6,020 



- 2,970 



Metallic oxides and hydroxides. 



124,680 



33,960 
16,986 



62,230 
44,750 
27,780 
15,780 



Beaction 


Thermal value 


Beaction 


Thermal value 


K*, 0, Aq" 
■Na^ 0, Ai 
Li*, 0, Aq" 
TP, 0, Aq 


] 


164,560 
155,260 
166,520 
39,160 


K, 0, H, Aq 
Na, 0, H, Ac 
Li, 0, H, Aq" 
Tl, 0, H, Aq; 


] 


116,460 
111,810 
117,440 
53,760 
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»,o, A<n 

O, AqT 



FBmO, 

Sr, - 
Oa, 



[K*, O, H^l 
Na', O, HV5] 
IT, O, ffOl 
Ba, O, ffOj 
Sr, O, H*©] 
Ca, O, H*©] 
Mg, O, B*0\ 
Mn, O, H'O] 
■'Zn, O, 
'Sn, O, H'O 
Fe, O, H'O 
Cd, O, H'O 
Co, O, H'O 
Ni, 0, H'O' 
Cu, O, H'O 
Pd, O, H'O 
Pt, 0, H'O 

Sn, C, H'O] 
Mn, C, H'O] 
■pd, C, H'OJ 
Te, C, H'OJ 
■P', 0*, 3H'0] 
Aa', 0*, 3H'0' 
Sb', 0', 3ff ' 



['01 
'Oi 



158,760! 

157,780 

149,260 

137,980 
135,380 
45,470 
146,500 1 
146,140 
146370 - 
148,960 
94,770 
82,680 
68,090 
68,280 
65,680 
63,400 
60,840 
37,520 
22,710 
17,880 

133,500 
116,330 
30,430 
77,180 
400,120 
226,180 
228,780 



[Ba, C, H*, Aq 
[Sr, C, H', Aq" 
[Ca, C, H', Aq 

Na', O] 
Tl', O] 
Hg*, 6] 
Cu', 



Ba,0 
Sr, 

Ca, 6 

Pb, O' 
Cu, O 

Hg, or 

As", ' 
As", 



Al», 0», yffO 
Fe», O", yH'O 
Co', 0», yH»0" 
Ni", 0^ yH'O' 
TP, 0^ yH'Of 
Au», 0^ yH»0] 

Pb», 0», 3H»0] 
Sb», 0», 3H«0l 
Bi», 0^ 3ff 0] 



Metaluo sulphides. 



Beaddon 


Thermal value 


Beaotion 


Thermal value 


K', S, Aq 
'Na«, S, Aq 
"Li", S, Aq 
Ba, S, Aq 
'Sr, S, AqJ 
:Ca, S, Aq^ 

[Mn, S, yH 
Zn, S,yH" 
Cd, S, yff 
Fe, S, yff 
Co, S, y ff 
Ni, S, yff 


] 

TO] 

0] 

0" 

0' 

0' 

0" 


113,300 
104,000 
116,260 
107,6701 
106,690 
98,170 

46,400 
41,580 
34,360 
23,780 
21,740 
19,400 




FK, S, H, Aq] 
Na, S, H, Aq] 
'li, S, H, Aq] 
Ba, S', H^ Aq] 
"Sr, S^ H^ AqT 
'Ca, S», H», Aq] 
:Mg, S^ H», Aq] 

"Tl^ s] 

'Pb, si 
'Cu», S]. 
'Hg, st 

>g-, s"] 


65,140 
60,490 
66,120 
124,7501 
123,770 
115,250 
114,880 

21,660 
20,430 
20,270 
16,890 
5,340 
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Eeactions of gaseous acids on metallic oxides. 

The products of the reactions represented in the following table 
are, respectively, metallic chlorides, bromides, iodides, cyanides, or 
sulphides, and water. In every instance the action of hydriodic acid 
is attended with the evolution of more heat than the action of 
hydrobromic acid, and the action of the latter acid is attended with 
the evolution of more heat than the action of hydrochloric acid. 
This statement also holds good when aqueous solutions of these acids 
react on. aqueous solutions of metallic salts, provided the haloid 
compound is insoluble, or nearly insoluble, in the liquid present. 
Thus, if we precipitate an aqueous solution of a nitrate by means 
of a solution of hydrochloric, hydrobromic, or hydriodic acid, the 
evolution of heat, on complete precipitation of the haloid compound, 
is as follows : 





HgCljAq 


HgBrgAq 


H,l,Aq 


Tl.N,0,Aq 

Ag,N,0,Aq 

Hg,N,0,Aq 

HgN,0,Aq 

PbNAAq 


20,350 
31,710 
24,290 
15,820 
4,420 


27,640 
40,220 
31,900 
25,080 
7,980 


35,840 
52,840 
42,470 
39,260 
13,750 



The heats of neutralisation of the alkaline salts of these three acids 
being equal to that of nitric acid, the evolution of heat is the same, 
whether the nitrate is precipitated by a solution of hydrochloric acid, 
or by a solution of potassium chloride, sodium chloride, magnesium 
chloride, &c. 

Further, the thermal value of the decomposition of the insoluble 
chlorides and bromides by solutions of compounds of bromine and 
iodine with the alkaline and various other metals is the difference 
between the corresponding numbers of the above table ; e.g. 

[Ag^CF, 2KBrAq] = 40,220-31,710 = 8,510 
[Ag-CP, 2KIAq] = 52,840-31,710 = 21,130. 



Oxide 


H2CI2 




Hglg 


HaCya 




T\fi 

Ag,0 

Hg«0 

Cufi 

HgO 

PbO 

CuO 


79,280 
77,220 
64,710 
49,300 
56,840 
56,830 
38,830 


91,820 
90,980 
77,570 
60,640 
71,350 
65,630 
46,900 


98,560 
102,140 
86,680 
72,150 
84,070 
69,940 


54,510 
45,910 


43,040 
63,060 

43,080 
49,830 
33,750 

— 



M.T. C. 15 
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Metallic sulphates^ 

The sulphates specified in the following table are formed from metal, 
oxygen, and gaseous sulphurous oxide. To find the thermal value of 
the formation of anjr sulphate from its elements, add to the given 
thermal value that of the formation of sulphurous oxide [S, O*] 
= 7 1,080. The sum of the values contained in the two columns will 
give the heat of formation in aqueous solution. 



Reaction 



Thermal 
value 



Heat of 
solution 



K\0', SO*] 

Na*, 0^ SO'] 

Na", 0», S0», lOH'O] 

'U\ 0», SO'] 

Li", 0^ S0«, H«0] 

•ti», S0»] 

Ag-, 0», SOT 

■pb, o', son 

Ba, 0», S0«1 
Sr, 0", SO'T 
"Ca, 0», SO*] 
Ga, O', S0», 2H*0] 
Mg, 0«, S0»] 
Mg, 0\ S0^ H'O] 
'Mg, O', S0^ 7ffO] 
Mn, 0», S0«] 
Mn, 0», SO', H'O] - 
Mn, 0», SO', 5H'0] 
Zn, O', SO'] 
Zn, O', SO', H'O] 
Zn, O', SO', TH'O] 
"Gd, O', SO'] 
"Gd, O', SO', H'O] 
Cd, O', SO', f H'O 
Co, O', SO', 7H'0' 
Ni, O', SO', 7H'0" 
Fe, O', SO', 7H'0" 
■Cu, O', SO'] 
Cu, O', SO', H'O] 
'Cu, O', SO', 5H'0] 



273,560 
257,510 
276,730 
263,090 
265,730 
149,900 
96,200 
145,130 
266,990 1 
259,820 
247,290 
252,030 
231,230 
238,210 
255,310 
178,790 
184,760 
192,540 
158,990 
167,470 
181,680 
150,470 
155,160 
158,550 
162,970 
162,530 
169,040 
111,490 
117,950 
130,040 



- 6,380 
+ 460 
- 18,760 
+ 6,050 
+ 3,410 

- 8,280 

- 4,480 



- 5,580 



+ 4,440 

- 300 
+ 20,280 
+ 13,300 

- 3,800 
+ 13,790 
+ 7,820 
+ 40 
+ 18,430 
+ 9,950 

- 4,260 
+ 10,740 
+ 6,050 
+ 2,660 

- 3,570 

- 4,250 

- 4,510 
+ 15,800 
+ 9,340, 

- 2,750 
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Metallic nitrates. 
Formation of dehydrated nUratea from their elements. 



Beaction 


Thermal 
value 


K», N», on 
Na», N», 0*1 
'Li», N«, OT 
W, N', 0«] 
■Ag-, N', 0^] 
Ba, N», on 
"Sr, N«, on 
Ca,' N", on 
Pb, N«, OT 


238,960 
222,500 
223,230 
116,300 
57,480 
226,2401 
219,820 
202,630 
105,500 



Formation of nitrates according to the reaction [R, O*, N*0*]. 



Beaotion 



K», O', N'on 
Na», 0», N»On . 

Li», o«, N»on 
Tl", o», N»on 

Ag-, 0-, N»0^]- 
Ba, 0», N»On 
Sr, 0«, N»OT 
Ca, 0», N'On 
Pb, 0», N»0^ 
Sr, 0», N»0^ 4H"0 
Ca, 0^ N»0*, 4H»tf 
Cd, 0», N«0*, 4H»tf 
Mg, 0», N«0^ m'6 
Mn, 0», N«0*, 6H»tf 
Zn, 0», N»0*, 6H»0" 
Ni, 0», N»0*, 6H»0 
Co, 0», N^O*, 6H"0' 
Cu, 0^ NW, 6H»tf 



Thermal 
yalue 



242,970 
226,510 
227,240 
120,310 

61,490 
230,2501 
223,830 
206,640 
109,470 
231,510 
218,440 
125,170 
214,530 
157,700 
142,180 
124,720 
123,330 

96,950 



Heat of solution 
of the salt 



- 17,040 

- 10,060 
+ 600 
- 19,940 
^ 10,880 
^ 9,400 

- 4,620 
+ 3,950 

- 7,610 
^ 12,300 

- 7,250 
5,040 

- 4,220 
~ 6,150 
^ 5,840 

- 7,470 

- 4,960 
-10,710 



15—2 
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Formation of metallic stdphates and nitrates in ctqueous solutions 
according to the reaction [R, O, QAq]. 



B 



Na' 

Ia» 

Ba 

Sr 

Ca 

Mg 

Mn 

Zn 

Fe 

Cd 

Co 

Ni 

Pb 

Tl» 

Ca 

Hg- 

Hg 

Ag- 

All 



[R, 0,SO«Aq] 



195,850 
186,640 
197,810 
195,660* 
188,490 
180,409 
180,180 
121,250 
106,090 
93,200 
89,880 
88,070 
86,950 
73,800* 
70,290 
55,960 



20,390 
150,630 
74,990 



[B, O, NSQ'Aql 



192,100 
182,620 
194,010 
187,0201 
185,410 
177,160 
176,480 
117,720 
102,510 
89,670 
86,000 
84,540 
83,420 
68,070 
66,540 
52,410 
47,990 
37,070 
16,780 



Metallic dithionates. 



Beaotion 



'Na», 0», 2S0*] 
■Na^ 0^ 2S0^ 2H*0] 
■Ag«, 0», 2S0S 2H*0l 
Ba, 0^ 2S0», 2H'0] 
Sr, 0\ 2S0*, 4H*0f 
Ca, O', 2S0», 4ff O] 

Pb, o^ 2so^ 4ff 0] 

"Cu, 0^ 2S0», 5ffOl 
'Mg, 0^ 2SO^ 6ffO] 
"Mn, 0^ 2S0», 6H'0J 
'Zn, 0», 2S0», 6ffO] 
"Ni, 0«, 2S0', 6ffO] 



Thermal 
yalue 



273,560 
256,650 
262,930 
96,090 
262,370 ] 
263,610 
253,800 
145,490 
126,250 
248,410 
188,600 
173,850 
154,790 



Heat of solution 
of the salt 



- 13,010 

- 5,370 
-11,650 

- 10,360 

- 6,930 

- 9,250 

- 7,970 

- 8,540 

- 4,870 

- 2,960 

- 1,930 

- 2,240 

- 2,420 



^ In these reactions insoluble sulphates are formed. 
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Metallic carbonates. 



Thermftl value of the formation of the 
salt according to the formula 
[BO, C0«] 




Thermal value of the formatidooC^e 
salt according to the forrom^'^ / 
[R, 0\ CO] ^ c 




BaO, con 
■RrO, con 

;cao, CO^ 
[Pbo, con 

[Ag«0, CO^] 


62,220 
65,770 
42,520 

22,580 
20,060 




K», 0», CO] 
Na», 0», CO] 
Ba, 0», CO] 
Sr, 0^ COT . 
Ca, 0», CO] 
Mn, 0^ CO] 
Cd, 0», CO] 
Pb, 0^ CO] 
AgS 0^ CO] 


252,090 
243,640 
254,420? 
252,170 
241,410 
181,840 
152,890 
140,840 
93,920 


Thermal value of the formation of the 
salt according to the reaction 
[R, 0, CO*] 


Thermal value of the formation of the 
salt from its elements 




'K«, 0, 00^ 

'Na^ 0, con 

Ba, 0, con 
'Sr, 0, CO^f 

Ca, 0, con 

Mn, 0, con 

Cd, 0, con 

'Pb, 0, CO*' 

V, 0, co^] 


184,130 
175,680 
186,4601 
184,210 
173,450 
113,880 
84,930 
72,880 . 
25,960 




K», c, on 

'Na«, C, on 
Ba, C, on 
"Sr, C, 0^1 
"Ca, C, on 
"Mn, C, on 

Cd, c, on 
Pb, c, on 

■Ag-, C, 0^] 


281,090 
272,640 
283,420 
281,170 
270,410 
210,840 
181,890 
169,840 
122,920 



Metallic double salts. 

Column 2 of this table contains the development of heat on direct 
combination of the solid salts, e.g. dehydrated magnesium sulphate 
and potassium sulphate combine with a development of 3,300 units 
of heat. Column 3 contains the heat of solution of the double salt. 
The sum of the values of columns 2 and 3 gives the development of 
heat when both salts are simultaneously dissolved in water. If this 
value is compared with the sum of the heats of solution of the simple 
salts, the excess of the former over the latter represents the thermal 
value of the reaction which occurs on mixing the two solutions. Thus 
the heat of solution of dehydrated magnesium sulphate is 20,280 
units, that of potassium sulphate is — 6,380. But since 

[MgS0*K»S0*, Aq]= 13,900 
it follows that aqueous solutions of the two salts do not react upon each 
other.. The same phenomenon is repeated as regards all the other 
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salts of the first group. But there is often an appreciable development 
of heat on mixing aqueous solutions of two haloid compounds ; e.g. 

[HgCPAq, K'CPAq] = 1,920 
[AuCl'Aq, HClAq] = 4,530 
[AuBr^Aq, HBrAq] = 7,700. 



Beaction 



MgSO*, K«80*] 
ZnSO*, K W] 
CuSO*, K'S0*1 
MnSO*, K'BO^ 
MgSO*, K»SO*, 6H"01 
ZnSO*, K'SO*, 6H'0J 
CuSO*, KW, 6H«0l 
MnSO*, K'SO*, 4H«01 
HgCl«, K'Cl'y H«0] 
HgBr", K»Br»] 
Hgr, K«Br"] 
SnCl*, K»CH 
SnCl», K'CP, H'O] 
AuCP, HCl, 4H»0] 
AuBr», HBr, 5H»0] 



Heat of 
formation 



3,300 
4,140 
20 
990 
23,920 
23,950 
22,990 
13,810 
6,130 
1,230 
3,040 
24,160 
4,890 
32,130 
36,280 



Heat of 
solution 



+ 10,600 
+ 7,910 
+ 9,400 
+ 6,380 
- 10,020 
- 11,900 
- 13,570 

- 6,440 
-16,390 

- 9,750 

- 9,810 

- 3,380 
- 13,420 

- 5,830 
- 11,400 



Decomposition op metallic nitrates by sulphuretted 
hydrogen in aqueous solutions. 

A glance at this table will show that the development of heat is 
positive for those metals that are precipitated by sulphuretted hydro- 
gen in slightly acid solutions, and negative for the other metals. For 
intermediate metals the reaction (and with it the development of 
heat) varies with the concentration of the free acid. 



[RNS0«, SH«Aq] 



Mn 
Fe 

m 

Co 
Zn 



Cd 
Pb 

Cu 
Hg 

Ag« 



-12,260 

- 6,780 

- 4,960 

- 3,740 

- 1,870 



+ 7,120 
+ 11,420 
+ 14,180 
+ 16,410 
+ 38,870 
+ 47,620 
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III. IIeat8 of combustion and formation of various compounds^ 
determined hy different observers. 

Hydrocarbons. 



Beaction 



CH*, 0*1 
C^H*, on 
C^H", O^ 

Q10JJ20^ Qarfl 

C"H", O^ 

"Qiejjaii^ Q48' 

■Q202;40^ Q60' 
Q10JJ16^ Q28- 



C^H'«, 0= 

c^H^^ o^ 

■q«JJ6^ Q15J 

'c«H«, o^n 



[C'H*, OT 

[{0'W\, o^T 



Thermal 
value 



Bemarks 



209,000 
332,000 
804,000 
1,582,400 
1,734,350 
2,481,500 
3,059,840 
1,475,870 

1,137,450 
1,095,030 
787,950 
883,230 
-64,800 

-82,800 

466,500 
- 46,500 

904,300 
4,700 



Combustion of methane \ 
„ „ ethylene'. 
„ „ amylene*. 
„ „ paramylene'. 
„ „ endecylene*. 

„ cetene^ 
„ „ tetramylene\ 
„ „ liquid turpentine 
oir. 
„ heptane'. 
„ „ toluene hexhydride. 
„ „ gaseous benzene*. 

„ dipropargyl*. 
Formation of gaseous dipropargyl 

from amorphous carbon*. 
Formation of gaseous dipropargyl 

from diamond carbon*. 
Combustion of gaseous allylene*. 
Formation of gaseous allylene from 

diamond carbon**. 
Combustion of gaseous diallyl®. 
Formation of gaseous diallyl from 
diamond carbon®. 



Alcohols^ (liquids). 



Beaction 


Thermal 
value 


Bemarks 


[CH*CH*CH«0H, 0^ 


480,310 


Combustion of normal propyl 
alcohol. 



1 Favre and Silbermann, Ann. Ckim. Phys, (3). 34. 427 et seq, 

2 Longuinine, Compt. rend, 93, 275. 
8 Thomsen, Ber, 16. 328. 

* Berthelot and Ogier, Compt. rend. 91. 786. 
^ Berthelot, Compt. rend. 90. 1242 : 91. 738. 
« Berthelot and Ogier, Compt. rend. 92. 770. 

7 W. Longumine, C&mpt. rend. 90, 1279 ; 91. 297 ; 92. 455 and 626. 
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[(CH'),CHOH, O*] 
[(Cfl»),CHCH,OH, O"] 

[(CH»),COH, O"] 

[C*H"0, O'*] 

[(CH«),(?H»COH, 0»»] 

[(?H»(CH'),COH, 0»T 

[CH'CHCH'OH, on 
[C*H\C"H'),COH, 0-] 

[(C«H*),CH»COH, O"] 

rcH*o, O'l 

[0, HS OJ 



[CH"OHCH»OH, O*] 

[CH'OHCH»CH»OH, 
0»] 

[CH'OHCHOHCH,, 

0»] 

[C(CH»)OHC(Cff), 
[C«H*0, O^*] 



478,250 
636,700 

632,820 

793,620 

788,540 

914,030 

442,650 
1,544,990 

1,509,160 
753,210 

1,262,100 
1,201,430 

169,830 
62,000 

330,450 

Glycols*, 
283,290 

431,170 

436,240 

897,700 

392,450 
737,150 



Combustion of isopropyl alcohol. 
„ „ primaiy (fermen- 
tation) isobutyl alcohol. 

Combustion of {solid) trimetbyl- 
carbinol. 

Combustion of fermentation amyl- 
alcohol (pn>bably a mixture). 

Combustion of ethyl dimethyl- 
carbinol. 

Combustion of allyl-dimethyl 
carbinoL 

Combustion of allyl-alcohol. 

Combustion of allyl-dipropyl- 
carbinoL 

Combustion of {solid) menthol. 
„ „ ethyl- vinyl car- 

binol. 

Combustion of caproic alcohol. 
„ „ dially 1 - methyl - 

carbinoL 

Combustion of methy lie alcohol \ 

Formation of liquid methyl ic 
alcohol \ 

Combustion of ethylic alcohol * . 

Formation of liquid ethylic al- 
cohol". 

Combustion of (liquid) ethylene 
glycol. 

Combustion of (liquid) normal 

propylene glycol. 
Combustion of (liquid) isopropy- 

lene glycol. 
Combustion of {solid) piuacone 

(solid). 

Combustion of glycerine*. 
Combustion of phenol*. 



1 Favre and Silbermann, Ann. Chim, Phys. (3). 34. 434. 
a Berthelot, CompL rend. 91. 738. 

« W. Longuinine, Compt. rend. 90. 368 : 91. 299 : 92. 627. 
* Id. loc. cit. 90. 367. 

^ Favre and Silbermann, Ann. Chim. Phys. (5). 9. 179. 
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Aldehydes. 



Beaction 



Thermal 
value 



Remarks 



[C'H*0, O'J 

[C», H*, O] 
[C\ H^ O] 

[0"H«0, O] 
[(Cff ),CHCH*CHO, O"] 

[CH»(CH'),CHO, 0«>] 
[Off CHCHCHO, O''] 



280,000 

275,000 

60,500 

56,500 

420,000 
69,000 

72,500 

60,300 
742,170 

1,062,600 
542,300 



Combustion of liquid ethalde- 
hyde with production of liquid 
water*. 

Combustion of gaseous ethalde- 

hyde with production of gas- 
eous water*. 
Formation of gaseous ethalde- 

hyde from diamond carbon*. 
Formation of liquid ethalde- 

hyde from same materials". 
Combustion of propaldehyde*. 
Formation of liquid propalde- 

hyde from diamond carbon®. 
Formation of liquid propalde- 

hyde from gaseous propylene 

and oxygen ^ 
Oxidation of normal propyl- 

alcohol to propaldehyde*. 
Combustion of liquid valeralde- 

hyde with production of liquid 

water*. 

Combustion of liquid heptalde- 
hyde^ 

Combustion of liquid crotonic- 
aldehyde^. 



1 Berthelot, Ann. Chim, Phys, (5). 9. 179. 

• Berthelot and Ogier, Compt. rend, 92. 773. 
» BertheloJ;, Compt, rend, 83. 414. 

* W. Longuinine, Compt. rend. 92. 457. 
» Id. loc. dt. 92. 467. 

« Id. loc. cit. 90. 1282. 
7 Id. loc. cit, 100. 63. 
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Ketones. 



Beaetion 


Thermal 
value 


Bemarks 


CH»COCH', CI 

■(C'H'),CO, 0"1 
(CHVCO, 0^ 

[CH'C*H"0O, 0"] 

[(CHVC.CH.CO.CH*. 

0"] 

[C, H', 0] 
[CH*, 0] 


424,000 
736,900 
1,053,900 
1,045,600 

1,211,800 

846,100 


Combustion of acetone \ 
Combustion of diethyl ketone*. 

„ „ dipropyl ketone*. 

„ „ di-isopropyl ke- 
tone*. 

„ „ methyl hexyl ke- 
tone*. 

„ „ mesityl oxide*. 


65,000 
68,500 


Formation of liquid aoetoney 
from diamond carbon \ 

Formation of liquid acetone, 
from gaseous propylene and 
oxygen ^ 


Etbebs and ethereal salts. 


Beaetion 


Thermal 
value 


Bemarks 


r(CH-) 0, OT 
[c, h', 0] 

[(C*H») O, 0"] 
'C*, H^^ 0] 
■(C*H^*')A 0"] 
HCO'Cff, 0*1 

;c*, H*, 0'] 

[C'H'^CO'H, 0'] 


344,200 
50,800 

668,000 
72,000 
1,609,700 

238,700 
94,200 

390,600 


Combustion of methyl ether*. 

Formation of gaseous methyl 
ether from diamond, hydro- 
gen, and oxygen*. 

Combustion of ethyl ether*. 

Formation of liquid ethyl ether*. 

Combustion of amyl ether®. 
• „ methyl formate'. 

Formation of liquid methyl 
formated 

Combustion of liquid ethyl for- 
mated 



1 Berthelot, Compt, rend. 88. 414. 

Id. loc. cit, 98. 94. 
8 Id. loc. cit. 100. 63. 
* Id. loc. cit. 90. 1243. 

» Favre and Silbermann, Ann. Chim. Phys. (3). 34. 433. 
« Berthelot, Compt. rend. 91. 738. 
^ Ogier, Compt. rend. 9. 671. 
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H«, 0-] 

cH'co'CH', on 

CH*(OCff)„ 0«] 



[CH^CH(oc«H'^)„ o^n 

[c^ H«, 

[CH«CO"C'H*, O"] 
[CO*C*H^CO"C*H^ C"] 

[C«H*(CO^C»ff)„ 0^»] 
[C», H^ O] 



70,500 

395,300 
553,700 
693,400 
822,500 
855,600 
1,018,500 
1,036,200 
1,469,600 
4,964,100 
433,900 



918,600 
124,100 

655,800 

716,200 

860,630 

1,007,700 

307,500 

17,700 

33,000 



Formation of liquid ethyl for- 
mate \ 

Combustion of methyl acetate*. 
„ ethyl acetate". 

„ methyl butyrate". 
„ ethyl butyrate*. 

„ methyl valerate', 
„ ethyl valerate*. 

„ amyl acetate*. 

„ amyl valerate*. 

, cetyl palmitate*. 

„ methylene dime- 

thyl ether (me- 
thylal)^ 
„ acetal*. 
Formation of liquid methylal 

from diamond carbon®. 
Combustion of liquid allyl ace- 
tate*. 

Combustion of liquid ethyl oxa- 
late*. 

Combustion of liquid ethyl ma- 
lonate*. 

Combustion of liquid ethyl suc- 
cinate*. 

Combustion of liquid ethylene 
oxide®. 

Formation of ethylene oxide 
from its elements (carbon as 
diamond*). 

Formation of ethylene oxide from 
ethylene and oxygen ^ 



^ Ogier, Compt. rend, 9. 671. 

2 Favre and Silbermann, Ann, Chim. Phys, (3). 34. 433. 

3 Berthelot and Ogier, Compt. rend, 92, 774. 
* Longuinine, Compt, rend, 100. 63. 

6 Id. loc, cit, 99. 1118. 

« Berthelot, BuU, Soc, Chim. (2). 39. 484. 
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Haloid derivatives of htdrocabbons. 
Comhustion and forfnation of methyl and ethyl Judoid compounds. 



Beaction 



Thermal 
value 



Bemarks 



[CH'Cl, O'] 156,500 Combustion of gaseous methyl 

chloride, with production of 
H,0, HCl, and C0,^ 

[CH»Br, O**] 180,400 Combustion of gaseous methyl 

bromide, with production of 
H^O, Br gas, and CO,. 

[CH% O**] 183,300 Combustion of gaseous methyl 

iodide, with production of 
H,0, I gas, and CO,. 

[C'H*C1, O*] 309,500 Combustion of gaseous ethyl 

chloiide, with production of 
H,0, HCl, and CO,. 

[C'H*Br, O*^] ' 329,500 Combustion of gaseous ethyl 

bromide, with production of 
H,0, Br gas, and CO,. 

[C, H', CI] 28,500 Formation of gaseous methyl 

chloride, from diamond carbon. 

[C, H', Br] 17,100 Formation of gaseous methyl 

bromide, from diamond car- 
bon. 

[C, H*, I] 14,200 Formation of gaseous methyl 

iodide, from diamond carbon. 

[C, H', I] 15,000 Formation of liquid methyl 

iodide, from diamond carbon, 
and solid I. 

[C*, H*, CI] 38,500 Formation of gaseous ethyl 

chloiide, from diamond carbon. 

[C*, H*, CI] 45,000 Formation of liquid ethyl chlo- 

ride, from diamond carbon. 

[C"H*, HCl] 31,900 Formation of gaseous ethyl 

chloride, from C,H^ gas and 
HCl gas. 

[C, H', Br] 31,000 Formation of gaseous ethyl 

bromide,from diamond carbon. 

[C*, H', Br] 33,700 Formation of liquid ethyl bro- 

mide, from diamond, H, and 
Br liquid. 

[C*, H*, I] 22,800 Formation of gaseous ethyl 

iodide, from diamond, H, and 
I gas. 

[C^ ff, I] 23,900 Formation of liquidethyl iodide, 

from diamond, H, and I solid*. 

1 These, and the intermediate data, are from Berthelot, Compt, rend, 91. 
466 ; 703. 
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The following data present the heats of formation of various 
gaseous haloid compounds by the action of (1) gaseous halogens on 
gaseous paraffinSy (2) gaseous haloid adds on gaseovs olejinesy and 
(3) gaseous haloid acids on gaseous alcohols. 



Reaction 



Thermal 
value 



Bemarks 



C»H«, Br 

CH^ ri 

C*H*, HCll 
CW, HBr] 
'C*H*, HI] 

cn'^ HCll 

C'W, HBr] 
C'H^^ HI] 
'C'H*, HCI] 
'C»H*, HBr] 
C'H*, HI] 
■CH*0, HCll 
'CH*0, HBr] 
CH^O, HI] 
'C*H*0, HCll 
'C*H«0, HBr] 
C^H^O, HI] 



54,800 
38,800 
16,300 
22,000 
12,100 

5,100 
31,900 
32,900 
39,000 
16,900 
13,200 
10,600 
38,300 
39,500 
46,500 
11,900 

9,000 
19,500 
14,800 
15,800 
21,100 



Products, ECl, RBr, or EI, 
. and HCI, HBr, or HI; all 
gaseous \ 



Products, ECl, RBr, or RI ; 
all gaseous ^ 



Products, RCl, RBr, or RI ; 
liquid*. 



Products, ROl, RBr, or RI, 
and HgO ; all gaseous ^ 



Combustion and formation op methylenb and ethylidene 
chlorides'. 



Reaction 


Thermal 
value 


Remarks 


[CH«C1», 0^ Aq] 

[CH*C1^ OT 
[CHC1^CH^ 0^ Aq] 

[CHCl'Cff, 0*] 


141,700 

106,800 
302,000 

267,100 


Products, CO and solution of 
HCL 

Products, COg and gaseous HCI. 
Products, CO and solution of 
HCI. 

Products, COg and gaseous HCI. 



1 Berthelot, Compt. rend. 91. 741. 

' Berthelot and Ogier, Compt. rend, 92. 771. 
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[c, H«, a*] 

[C, H«, CIT 

[c, H*, an 
[c, H*, an 

[CH*, 2Ha] 



APPENDIX I. 
31,200 



37,600 
33,900 
40,500 
68,000 



Product, gaseous CHjCl, : carbon 

used in form of diamond. 
Product, liquid CH^Clg : carbon used 

in form of diamond. 
Product, gaseous Cfi/Ji^: carbon 

used in form of diamond. 
Product, liquid CgH^Clg: carbon 

used in form of diamond. 
Product, gaseous C,H^C1,. 



Thermal values of the substitution of htdrooen by chlorine 

IN VARIOUS gaseous MOLECULES \ 



Beaction 



Thermal 
Talue 



Remarks 



CH*, a*] 

CH'Cl, CI*] 

CH*C1, Cl«] 
C»H*0, C1"T 
CNH, CI"] 



32,000 ' Products, CH.Cl + HCl ; gaseous. 

24,000 I „ CH,a, + HCl 
54,000 „ CX^I + HCI 

17,400 ; „ C,H01, + HC1 

39,400 I „ C,H.C10 + HC1 

15,800 I „ CNCI + HCl 



Combustion and formation of ethylamines*. 



Reaction 



Thermal 
value 



Remarks 



C*H*NH«, O^*] 
(CH»),N, 0»^T 

;c", ff , N] 

[C«, H*, Nff ] 
[CW, NH»] 
[C"H*0, NH»] 

[C», H*, N] 
[C, H«, NH»] 
[SCH'OH, NH»] 



409,700 
592,000 
19,800 

7,600 

23,000 

6,100 

^ 9,500 
2,700 
- 21,900 



1 Combustion of gaseous ethylamine 
j and trimethylamino. 
Formation of gaseous ethylamine 

from diamond carbon. 
Formation of gaseous ethjlamine 

from C, H, and 
Formation of gaseous ethylamine 

from C,H, and NH3. 
Formation of gaseous ethylamine 

and H O gas, from Cfifi and 

NH,. 

Formation of gaseous trimethyl- 

aviine from diamond carbon. 
Formation of gaseous trimethyl- 

amine from diamond, and NH3. 
Formation of gaseous trimethyl- 

amine and H^O gas, from CH^O 

and NH,. 



^ Berthelot and Ogier, Compt. rend, 92. 771. 
a Berthelot, Compt, rend, 91. 140. 
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Beaction 


Thermal 
value 


Bemarks 


CH'0^ 0] 
CO*, 2NH«] 


96,190 
210,300 

AQQ Q40 

517,800 
656,780 
830,210 
2,384,900 
2,759,300 
37,700 


Combustion of liquid formic acid\ 
„ „ acetic^ acid. 

„ „ isobutyric* acid. 
„ „ valeric* acid. 
„ „ caproic' acid. 
„ solid palmitic* acid. 
„ „ stearic* acid. 
Production of ammonium carba- 
mate at 10^ and 710* mm. 



Sodium alcoholates* 



Beaction 



Thermal 
value 



Bemarks 



[2C"H«0, Na*0] 



[C*H«0, NaOH] 



[C»H*]sraO, 2C»H*0] 



[C»H*NaO, 30"H«0] 



[C»ffNa0.2C"H«0, 

C"H«0] 



[C'ff NaO, H*0] 



34,700 



250 



8,060 



8,640 



580 



J,190 



Action of liquid C^HgO on 
solid Na,0, with produc- 
tion of solid CgHjNaO and 
liquid H^O. 

Action of liquid CgH^O on 
solid NaOH, with produc- 
tion of solid CjH^NaO and 
liquid H,0. 

Action of liquid C,H^O on 
solid CjH^NaO, with pro- 
duction of solid C H NaO. 
2C,H,0. 

Action of liquid C^H^O on 
solid CjjHjNaO, with pro- 
duction of solid CjH NaO. 
3C.H.0. 

Action of liquid C H^O on 
solid C3H,Na0.2C,H,0, 
with production of solid 
C,H^Na0.3C,H,0. 

Action of liquid H^O on solid 
CgHjNaO, with production 
of liquid C H O and solid 
NaOH. 



1 Favre and Silbermann, Ann, Chim. Phys, (3). 84. 438, 
^ Longuinine, Compt, rend. 100. 63« 

3 Id. loc. ciU 92. 625. 

4 Lecher, Wien, Akad, Ber, (2 abthl.) 78. 711. 
* De Forcrand, CompL rend. 97. 108, 
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[CH*Na0.2C*H«0, H*0] 
[0*H*NaO . 3CH*0, H»0] 

Combustion and fob 


- 6,820 

- 7,440 

ITATION OF 


Action of liquid H^O on solid 
C,H,NaO. 2C,H,0, with 
production of liquid C^H^O 
and solid NaOH. 

Action of liquid H^O on solid 

r* TT VaO TT Cl with 

production of liquid C,HgO 
and solid NaOH. 

DIAZOBENZENE NITBATE\ 


Beaction 


Thermal 
yalue 


Remarks 


[CTH^N'.NO'H, 0"*] 

[C*, H», N», 0»] 
[C*, H*, N*, HNO*] 

Chlobal h 


782,900 

- 47,400 

- 89,000 

TDBATE AN 


Combustion of diazobenzene 
nitrate to form 6C0^, 2 JH^^O, 
and N3. 
Formation of the same com- 
pound from its elements. 
Formation of the same com- 
pound from Cg, H^, Ng, and 
liquid HNO3. 

D ALCOHOLATE*. 


Beaction 


Thermal 
value 


Bemarks 


[CCl'CHO, H»0] 
[CCl'CHO, C^H^'O] 

[COPCHO, H'O] 
[CCTOHO, C*H*0] 

CCPCHO, H'O] 
CCl'CHO, C'H^^O] 
CCl'CHO, H'O] 
CCl'CHO, CffO] 


12,100 
14,4000 

7,300 
9,800 

6,200 
8,500 
2,000 
1,600 


(Production of solid com- 
j pounds. 

j Production of liquid com- 
V pounds near their melting 
I points. 

1 Production of compounds near 
) their boiling points. 
[Production of gaseous com- 
J pounds at 760 mm. pressure. 



Data presenting the heats of combustion of a number of carbon 
compounds, including sugars, starches, and allied bodies, are given by 
C. V. Rechenbergin J./iirprakt. Chemie{2y 22. 1 — 45; and 223 — 250. 
From these numbers the thermal values of the inversion of sugars, 
and of various processes of fermentation &c., are calculated. 



1 Berthelot and Vieille, Compt. rend. 92. 1076. 

2 Berthelot, Compt. rend. 92. 831. 
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The heats of combustion of various sugars, starches, fats, and 
other compounds of animal and vegetable origin, are given by Stoh- 
mann in the same Journal (2). 31. 273. 

The heats of combustion of a few organic bases are given by- 
Ramsay in C. S. Journal for 1879. 696 et seq. 

Metallic sulphides. 
Sulphides of sodium omd potassium^. 



Beaction 



Thermal 
valne 



Bemarks 



[Na^ S] 
[Na«S, 5H^0] 
[Na^S, 9ffO] 
[Na'SSH^O, 4ff O] 
[Na», S^ 
[Na'S, ffS] 
[Na^OffO, 2H^S] 
[Na^SH'S, 4H^0] 

[K^ s', ] 

[K'OffO, 2H'S] 
[Fe, S] 

1 

9 

M. T. C. 



88,200 
14,450 
18,850 

4,400 
111,400 
18,600 
16,300 

6,000 

104,200 {]) 
128,000 

19,000 (1) 

28,900 

- 1,200 
200 

25,000 



Production of solid Na^S from the 

solid elements. 
Production of solid ^B,^blS.f) from 

solid constituents. 
Production of solid Na2S9H30 from 

solid constituents. 
Production of solid Na2S9H20 from 

solid constituents. 
Production of solid NagSH^S from 

Hg, and solid Na^ and S^. 
Production of solid Na^SH^S from 

solid Na^S and gaseous H^S. 
Production of solid Na^SH^S and 

gaseous HjO from solid NagOH^O. 
Production of solid Na,SH3S4H,0 

and gaseous from solid con- 
stituents. 
Production of solid K^S from the 

solid elements. 
Production of solid K^SH^S from 

Hjj, and solid and S^. 
Production of solid RgSH^S from 

solid KjS and gaseous H^S. 
Production of solid K^SH^S and 

gaseous H^O from solid KgOH^O 

and gaseous H^S. 
Production of soUd K^SH^SH^O 

from solid constituents. 
Production of soHd K^SH.SH^O 

from solid K^SH^S and liquid 

HO. 

Solid FeS from solid elements* 



Sabatier, Compt, rend, 89. 43. 
Miillenhoff, Ber. 18. 1365. 
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Folyaulpkides of the alkali metals^. 



[K, S J 


1 1 T QAA 


[K, 8] 


llo,DlKI 


r eta a»i 


e OAA 


[K S, 8 J 


12,400 


[K 8 , iH OJ 


2,000 


[IL 8 , ZH UJ 


R TKA 

0,7oO 


r XT SCi4 1 TTS^ 3 TTt^T 

8 U, UJ 


0,100 


[Na", 8 J 


t AQ 0/\A 

10o,200 


[Na , 8 J 


1 A^ jIAA 

1 Ob, 400 


L-Na , 8 J 


lAi OAA 

104, zOO 


[Na-, S^] 


98,400 


[Na'S, S»] 


10,200 


[Na'S, S»] 


5,000 


[Na-S, S"] 


3,200 


[Na'S, S] 


1,400 


[N, H^ S'l 


AmTnonii 
34,500 


[N, H^ ST 


34,800 


[N, H*. S'] 


30,400 


[NH», JH'S, S'»] 


20,200 


[NH', JH'S, S'»] 


20,300 



Production of solution of from 

and solid S^. 
Production of solid K,S^ from K^, 

and solid S^. 
Production of solution of K^S^ from 

solution of KjS and solid S* 
Production of solid K,S^ from solid 

K,S and solid S,. 
Production of solid K^S^^H^O from 

solid constituents. 
Production of solid KgS^2HgO from 

solid constituents. 
Production of solid K^S^2ILfi from 

solid constituents. 
Production of solution of Na,^S^ from 

solid elements. 
Production of solution of Na^^Sg from 

solid elements. 
Production of solution of Na^Sg from 

solid elements. 
Production of solid Na^S^ from solid 

elements. 
Production of solid Na^S^ from solid 

Na,S and solid S3. 
Production of solution of Na^SL from 

solution of Na,S and solid S3. 
Production of solution of Na^Sg from 

solution of Na^S and BoHd S^. 
Production of solution of Na^S^ from 

solution of Na^S and solid S. 



Production of solid NH.S_ from 

N, H^, and soUd S,. 
Production of solid NH^S^ fix)m 

N, H^, and solid S^. 
Production of solution of NH^S, 

from N, H^, and solid S^. 
Production of solid NH^S^ from 

gaseous NH3, JH,S, and solid . 
Production of solid NH^S^ from 

gaseous NH3, ^H^S, and solid Sj. 



Ammonium polymlphidea^. 



1 Sabatier, Compt, rend, 90. 1557. 
' Id. toe. cit. 91. 63. 
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Hydrogen permlphide^, 

- 2,650 I Production of solid H^S^ (n varies 
from 6 to 10). 

- 350 Production of solid H^S^ (n varies 
from 6 to 10). 

Compounds op PH„ and NH * 



Reaction 



Thermal 
value 



Bemarkfl 



[PH*Br, Aq] 

[PH% Aq] 

NH', HOI] 
'NH«, HBr] 
Nff , HI] 
■PH», HBr] 
■Pff , HI] 
N, H*, Br] 

[N, H^ I] 

[P, , Br I 

[p, H^ I] 



■ 3,030 

- 4,770 

42,600 
45,600 
44,200 
23,000 
24,100 
81,700 

65,100 

44,100 

29,500 



Production of gaseous PHg and 

solution ot HBr. 
Production of gaseous PH3 and 

solution of HI. 

Production of solid NH^X or PH^X, 
from gaseous NH3 or PHg and 
HX. 

Production of solid NH^Br from 

gaseous N, H^, and liquid Br. 
Production of solid NH^I from 

gaseous N, H^, and solid I. 
Production of solid PH^Br from H^, 

solid P and liquid Br. 
Production of solid PH^I from H^, 

solid P, and solid I. 



Compounds op ammonia with metallic chlorides'. 



Reaction 



Thermal 
yalue 



Bemarks 



^[AgCl, 3NHT 
i '2AgCl, 3Nff] 
I'ZnCl", 2NH'T 
i'ZnCl', 4NH»" 
l ■ZnCl^ 6Nff" 
i 'Caa", 2NH»' 
J'CaCl', 4NH»" 
I'CaOT, 8NH»' 



10,500 
11,600 
22,100 
17,000 
15,000 
14,000 
12,200 
11,000 



Production of solid 
from gaseous NH3 
metallic chloride. 



compounds 
and solid 



1 Sabatier, Compt, rend, 91. 64, 
> Ogier, 0<mpt. rend. 89. 706. 
' Isambert, CompU rend* 86. 968. 
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Vaaioub double metallic salts. 



Reaction 



Thermal 
value 



Bemarks 



Cda*, 2HC1, 7H*0] 
PbP, HI, 5H[«OJ 
3AgI, HI, 7H"0] 

[CuCT, 3CuO, 4H"0] 
[Cua", 3CuO] 

[Caa*, 3CaO, 16H*0] 
[CaCl«, 3CaO, 3H*0] 

CaCl*, 3CaO, 16H"0] 
CaCl*, 3CaO, 3H"0] 
CaCWCaO, 3H'0] 
CaCl«3CaO, 16H«0] 
CaCl»3Ca03H«0, 

13H«0] 
2KIPbI«, 2H*0] 
2KI, PbP] 
4KI3PbI«, 6H»0] 
4KI, 3PbP] 
PbO, PbCl'J 
2PbO, PbCP] 
3PbO, PbCl'j 
PbO, PbBr"] 
2PbO, PbBr*] 
3PbO, PbBr*] 



40,200 
23,300 
21,600 

23,000 
1,200 

92,000 
57,700 

69,100 
53,400 
47,200 
60,900 
15,800 

1,760 
840 
3,800 
-100 
6,520 
9,240 
10,600 
4,000 
6,060 
8,400 



[Production of compounds of 
metallic haloid salt haloid acid 
and water, from solid haloid salt, 
gaseous acid, and liquid water \ 
I Production of solid compouuds 
} from solid copper chloride and 
' oxide and liquid water*. 
) Production of solid compounds 
f from solid calcium chloride and 
' oxide and liquid water". 



Production of solid compounds 
from solid constituents \ 



-Production of solid compounds 
from solid constituents^. 



.Production of solid compounds 
from solid constituents®. 



1 Berthelot, 0<mpt, rend, 91. 1024. 
s Id. loe, eit. 91. 451. 

* Andr^, CompU rend, 92. 1463. 

* Id. loc, cit, 

> Berthelot, Compt, rend, 95. 952. 

* Andr6, Campt, rend. 97. 1302. 
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Cyanides and double cyanides \ 
(In each case the carbon was used in the form of diamond.) 



Beaction 



Eemarks 
regarding con- 
stituents 



Product 



Thermal value according as product is 
gaseous I liquid solid in solution 



rc», NT 
•c, N, b] 

'CN, H] 
■CNAq,H] 

'c, N, aj 

'ON, Cll 
"C, N, 

;cN, I] 

[CN, I] 

[C, N', H*] 
'CN, N, H*] 
;CNH, Nff 

[CNHAq, 

NH'Aq] 
rC,N,K] 
CN, K] 
CNHAq, 

iK'OAq] 
[CN, Na] 
[HCNAq, 

JNa'OAq] 
[C, N, JHg] 

[CN.iHg] 

[HCNAq, 

JHgOAq] 
[C, N, Ag] 
■CN, Ag] 
HCNAq, 
JAg^O] 



solution of CN 

gaseous CN 

solid I 
gaseous CN, 

gaseous I 
gaseous CN, 

solid I 

gaseous CN 
gaseous CHN 
and NH3 

solutions of 
CNH and NH^ 

gaseous CN 
solutions of 

HCNandJK.O 
gaseous CN 
solutions of 

HCN & JNa.O 

gaseous CNand 
liquid JHg 

gaseous CNand 
gaseous ^Hg 
solutions of 

HCN & |HgO 



solution of 
HCN, and pre- 
cipitatedJA^gO 



CNH 

CNH 

CNH 

CNCl 

CNCl 

CNI 

CNI 

CNI 

CNNH^ 
CNNH^ 
CNNH, 

CNNH, 

CNK 
CNK 
CNK 

CNNa 
CNNa 

CNHgi 
CNHgi 

CNHgi 

CNHgj 

CNAg 
CNAg 
CNAg 



-74,600 
-29,500 
7,800 

-35,700 
1,600 



-23,800 
13,500 

-27,800 
9,900 



38,500 
4,200 

- 1,200 

3,200 
40,500 
20,500 



30,300 
67,600 



25,600 
11,700 

19,400 



34,000 
3,300 



- 69,800 

- 23,400 

10,500 



- 41,300 



1,200 
36,100 



- 1,300 

27,400 
64,700 
3,000 

60,100 
2,900 

27,100 
10,200 

17,900 

-15,500 



20,900 



1 Berthelot, C<ympU rend, 91. 82. 
tables on pp. 217 and 223, 



Compare Thomsen's numbers given in 
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[FeS H«, 

3CN] 
[SHCNAq, 
JFeO] 

3CN] 

[SHCNAq, 
K«OAq, 
iFeO] 
[Fe**, 9CN] 
[9HCNAq, 
|FeO, Fe'O'l 
[KCN, 

CNHgt] 
[KCN, 

AgCN] 



precipitated 
JFeO 



precipitated 



precipitated 
oxides of iron 



(CN). 








FejH, 








(CN). 


— 


— 


— 


FejH, 








(CN). 


— 


— 


183,600 


FejK, 








(CN), 











FejK, 








(CN). 


— 


— 


278,000 


Fe} 








(ON), 






24,900 


Fe} 








CNHgi 






8,300 


KCN 








KCN 






11,200 


AgCN 







53,600 

12,300 

186,300 
(dissolved 
in KCN) 
39,300 



OXYCYANIDES^ 



Beaotion 


Thermal 
yalue 


Bemarks 


[Pb,(CN).,2PbO,H'0] 

[2Cd(CN)»,CdO,5H'0] 

[HgO, Hg(CN)'] 
[HgO, 3Hg(CN)T 


17,800 

22,800 

2,400 
9,800 


Production of solid 2PbOPb(ON), 
H O from gaseous (CN)^ and 
other constituents as solids. 

Production of soUd 2Cd(CN), 
Cd05B[gO from solid consti- 
tuents. 

Production of solid HgOHg(CN), 
from solid constituents. 

Production of solid IIg03Hg 
(ON)g from solid constituents. 




Cyanates*. 


Reaction 


Thermal 
value 


Bemarks 


ro, N, K, 0] 
■C, N, K, 0, Aq] 
ONK, 0] 
'CNK, 0, Aq] 


102,300 
97,100 
72,000 
69,700 


Production of solid KCNO. 
Production of solution of KONO. 
Production of solid KCNO. 
Production of solution of KCNO. 



^ Joannis, Compt. rend, 93. 271. 
» Berthelot, Compt, rend, 9X. 82, 
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Beaotion 



[NH'Aq, HFAq] 
[NH«, HF] 

[BaOAq, 2HFAqJ 
[BaH*0*, 2HF] 

[SrOAq, 2HFAq] 
[SrBPO*, 2HF] 

[CaOAq, 2HFAq] 
[CaH'O", 2ILF] 

[NaOH, HF] 

[NaF, HF] 

[MgO'H", 2HFAq] 
[PbO*H', 2HFAqJ 



Thermal 
yalne 



15,200 
30,100 

34,800 
71,400 



35,800 
71,800 



37,200 
66,600 



39,900 



17,100 

30,400 
22,200 



Bemarks 



Production of solution of NH^F. 
„ „ solid NH^F from 
gaseous constituents. 
Production of solution of BaF^. 
„ of solid BaF,( + 2H^0) 
from solid BaHgO^and gaseous 
2HF. 

Production of solution of SrF^. 

of solid SrF/+2H,0) 
from solid SrH O and gaseous 
2HF. 

Production of solution of CaF^. 

of8olidCaF,(+2H,0) 
from solid CaH,Ogand gaseous 
2HF. 

Production of solid NaF( + H,0) 
from solid NaOH and gaseous 
HF. 

Production of solid NaHF^ from 

solid NaF and gaseous HF. 
Production of solution of MgF^. 



„ solid PbF,. 



SiLICOPLUORIDES *. 



Beaotion ^ 


Thermal 
value 


Bemarks 


[SiF*, Aq] 

SiF*, 2HFAq] 
■3SiF*, 4K0HAq] 
SiF*, 4NaOHAqT 
'SiF, 4NH»Aq] 
SiF, 4LiOHAq] 
SiP, 2KFAq] 
'SiF*, 2NaFAq] 
SiF, 2LiFAq] 
SiF, 2NH*FAq] 
"Si, K^ F] 
Si, Na«, F] 
'Si, Li«, FJ 


22,200 

17,000 
165,800 
65,400 
59,500 
69,200 
45,600 
36,600 
27,000 
31,200 
52,800 
35,400 
25,200 


Decomposition of SiF^ into 

H^SiF, and SiO,. 
Formation of H^SiF^ in solution. 
Productionof 2K,SiF, + H^SiO^. 

„ 4NaFAq+H,SiO,. 
„ „4NH,FAq+H,SiO,. 

„4LiF + H^SiO,. 
» »K!gSiFg. 
„Na,SiF,. 
„ Li,SiF,Aq. 
„(NH,),SiF,Aq. 

1 „ „ solid salts. 



1 Guntz, Compt, rend, 97. 1483, 1668 : 98. 816. 
< Truohot, Campt, rend, 98. 821, 1330. 
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24,800 
324,300 



Formation of silicon hydride*. 
Production of SiO^ + 211 jO', 



Compounds of the halogens'. 



Thermal value 



Bemarks 



[I,C1] 


6,700 


[I, CI] 


12,100 at 0» 


[I. CI*] 


16,300 


[I. CI'] 


21,700 


[ICl, CI'] 


9,500 


[I, Br] 


2,500 


FT "Rrl 


^fOKfXJ 


r"Rr nn 


uvV/ 


[Br, CI] 


4,600 


[KI, !•] 





[KI, I>] 


10,800 at 0' 


[KIAq, !•] 


10,200 


[KBr, Br*] 


2,900 


[KBr, Br*] 


2,700 


[KBr, Br*] 


10,900 at 0" 


[KBrAq, Br*] 


11,500 



Formation of solid ICl from 

gaseous CI and solid I. 
Formation of solid ICl from 

gaseous CI and gaseous I. 
Formation of solid ICl^ from 

gaseous CI, and solid I. 
Formation of solid ICl, from 

gaseous CI and gaseous I. 
Formation of solid ICl, from 

gaseous CI, and solid ICl. 
Formation of solid IBr from 

liquid Br and solid I. 
Formation of solid IBr from 

solid Br and solid I. 
Formation of liquid (1) BrCl 

from gaseous CI and liquid 

Br. 

Formation of liquid (?) BrCl 
from gaseous CI and gaseous 
Br. 

Formation of solid KI, from 

solid KI and solid I,. 
Formation of solid KI, from 

solid KI and gaseous I,. 
Formation of solution of KI3 

from solution of KI and 

gaseous I,. 
Formation of solid KBr, from 

solid KBr and liquid Br . 
Formation of solid KBr, from 

solid KBr and solid Br^. 
Formation of solid KBr, from 

solid KBr and gaseous Br . 
Formation of solution of KBrg 

from concentrated solution 

of KBr and gaseous Br^. 



1 Ogier, Compt, rend, 88. 911. 

2 Berthelot, Compt. rend. 90. 841 : 9X. 195, 706. 
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Beaction 



Thermal 
value 



Bemarks 



[Cl», O*, H*0, Aq] 
[Gi% 0«, , Aq] 

"CI, o^ K] 

'CI, 0^ Na] 
CI, O*, H] 
;C1, 0^ H, Aq] 

rci, o*, K] 

[Cl, 0^ K, Aq] 

[CI, O*, Na] 
[Cl, 0^ Na, Aq] 

rci, 0^ H*, N] 

tr, 0^ Aq] 
[P, 0«, H«, Aq] 
[P, 0«, 



- 24,000 

45,000 

94,600 
85,400 
19,100 
39,350 

112,500 
100,400 

100,200 
96,700 

79,700 
45,200 

114,200 

119,600 



Formation of dilute solution of 
2HCIO3. 

Formation of dilute solution of 

2HCIO3. 
Formation of solid KCIO . 
Formation of solid NaClOg. 
Formation of liquid HCIO^. 
Formation of dilute solution of 

HOIO,. 
Formation of solid KCIO^. 
Formation of dilute solution of 

KCIO^. 
Formation of solid NaClO^. 
Formation of dilute solution of 

NaClO,. 
Formation of solid NH^CIO^ 
Formation of solution of 2HIO3 

from solid &c. 
Formation of solution of 2HIO3 

from solid &c. 
Formation of solid 2HI0,. 



Amalgams ^ 



Beaction 


Thermal 
value 


Product 


[Na, Hgl 
■Na, Hgn 
K, Hglf 


10,300 
21,600 
20,300 
34,200 


HgNa. 

HggNa crystallised. 
Hg^K. 

Hg,,K crystallised. 



1 Berthelot, Ann, Chim. Phys. (5). 10. 379 et seq. : C(mpt, rend. 84. 734 : 93. 
244 and 290. Compare Thomsen's number as given in tables on pp. 207, 208, 
209. 

2 Berthelot, C<ympt, rend, 88. 1110, 1337. 
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DATA RELATING TO ALLOTROPIC AND 
ISOMERIC CHANGES. 



Ozone to oxygbn. 



[20z = 30'] i.e. change of 96 grams of ozone into 96 grams of oxygen 

59,200 \ 
68,000". 



Combustion of sulphur. 

[s, (yy. 


Thermal 
value 


Remarks 


70,936 
70,840 

71,225 
71,350 


Sulphur melted 7 years before the combustion. 
Sulphur heated to softening point 3 months before 

the combustion. 
Sulphur crystallised from CS^. 
Sulphur crystallised from water saturated with 

Sulphur crystals from Sicily. 
Sulphur melted after crystallising. 
Native opaque sulphur. 

» » » 
The same but containing some reddish crystals. 


71,070 
72,330 
71,970 
72,790 
74,790 


71,080 
71,720 


Rhombic sulphur*. 
Monoclinic sulphur*. 


69,260 


Rhombic or monoclinic sulphur*. 



^ Berthelot, CompU rend. 90. 331. 
3 van der Menlen, Ber, 8. 1853. 

« Favre and Silbermann, Ann, Chim, Phys, (3). 84. 447. 

* Thomson, Ber. 18. 961. 

» Berthelot, Compt. rend. 90. 1445. 
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Combustion op phosphorus. 



Thermal 
value 


Bemarks 


369,900 
326,860 

362,820 
345,340 


Ordioary yellow phosphorus \ 

Red phosphorus produced by heating ordinary 

to 580 . Sp. Gr. = 2*34 . 
Ordinary red phosphorus*. 

Bed phosphorus produced by heating ordinary to 
360^ Sp. Gr. = 219». 

Combustion of carbon. 
[C, C.] 


Thermal 
. value 


Bemarks 


96,960 
93,350 
93 5£0 


Amorphous carbon**. 
Diamond*. 

"WfltriVA orrarihif'^* 

COHBCSTION OT SILICON. 

[Si, O*]. 


Thermal 
value 


Bemarks 


219,240 
211,120 


Amorphous silicon* 
Crystallised silicon ^ 



1 Thomsen, ThermochemUche Untersuchungen^ 1. 409. 
' Troost and Hautefeuille, Compt. rend, 78. 748. 
3 Thomsen, loc. dt,, 1. 411. 

* Favre and Silbermann, Ann. Chim. Phys. (3). 34. 414 ; 423—6. 
5 Troost and Hautefeuille, Compt. rend. 70. 262. 
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Beaction 



Thermal 
yalae 



Bemarks 



[CH«CH'OH, O*] 

[(CH»).0, OT 
[CH'CH'CH'OH, O*] 

[(CH»),CHOH, 0»] 

[(CH»),CHCH»OH, O^T 

[(CH»),COH, O"] 

[(C»H').0, 0-] 
[C*H^»0, O'T 

[(CH«)^C«H*COH, O^*] 

CH"CHCH*OH, on 
'CH'COCH*, on 
'C"H*CHO, 0^ 

[C»H»(C'H^),COH, O"] 

[C*H*C«H«CHOH, O'*] 
[(CH»),CHCH«CHO, O"] 
[(C^H*),CO, O^*] 




330,450 
344,200 



480,310 
478,250 



636,700 
632,820 
668,000 



793,620 



788,540 



442,650 
424,000 
420,000 



1,544,990 
1,509,160 



733,210 
742,170 
736,900 



1 Thomsen, Ber, 15. 328. 

2 Favre and Silbermann, Ann, Chim, 
8 Berthelot, Cowipt. rend, 90. 1243. 

* Longuinine, Gompt, rend, 90. 1279 : 
« Berthelot, Compt. rend. 83. 414. 

• Longuinine, Compt. rend. 98. 94. 



CombuBtion of ga.seous ben- 
zene \ 

Combustion of gaseous di- 
propargyP. 

Combustion of ethylic alco- 
hol". 

Combustion of methyl ether ^ 

„ „ primary pro- 
pyl alcohol*. 
Combustion of isopropyl 
alcohol*. 

Combustion of primary iso- 

butyl alcohol*. 
Combustion of (solid) tri- 

methyl carbinol*. 
Combustion of ethyl ether". 

„ „ fermentation 
amyl alcohol* (probably a 
mixture). 
Combustion of ethyldime- 
thyl carbinol*. 

Combustion of allyl alcohol *. 
„ „ acetone *. 
„ of propaldehyde*. 

„ „ allyl dipropyl 
carbinol*. 
Combustion of (solid) men- 
thol*. 

Combustion of ethyl vinyl- 
carbinol *. 

Combustion of valeral- 
dehyde*. 

Combustion of diethyl- 
ketone®. 



Phys. (3) 84. 433. 

91. 297: 92.455; 526. 
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[CH>OHCH»CH«OH, O'] 
[CH'OHCff CHOH, 0«] 
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431,170 
436,240 
433,900 



[C(Cff ),OHC(CH«) OH, O"] 
[CH»CH(O0*H'')„ O"] 

[CH«(CH*),CHO, O''] 
[(C^HO.CO, O^] 
[(C'HO^.CO, O''] 

[CffCO'H, O*] 
[HCO^Cff, O*] 

[C^H^CO'H, 
[CH^CO*CH^ 

[C'H^CO'H, O^*'] 
[CffCHO, 



897,700 
918,600 



1,062,600 
1,053,900 
1,045,600 



210,300 
238,700 



390,600 
395,300 



553,700 
496,940 



822,500 
855,600 



1,018,500 
1,036,200 
275,000 
307,500 



253 

Combustion of propylene 

glycol'. 
Combustion of isopro- 

pylene glycoP. 
Combustion of methy lal 

„ „ pinacone^ 
„ „ acetal*. 

„ „ heptalde- 

hyde^ 
Combustion of dipropyl- 

ketone". 
Combustion of di-isopro- 

pylketone'. 

Combustion of acetic 
acid*. 

Combustion of methyl 
formate ®. 

Combustion of ethyl for- 
mated 

Combustion of methyl 
acetate®. 

Combustion of ethyl 

acetate 
Combustion of butyric 

acid*. 

Combustion of ethyl bu- 

tyrate*. 
Combustion of methyl 

valerate*. 

Combustion of ethyl 
valerate*. 

Combustion of amyl ace- 
tate*. 

Combustion of ethalde- 

hyded 
Combustion of ethylene 

oxide''. 



^ Longuinine, CompU rend. 90. 1279 : 91. 297 : 92. 466 ; 626. 

3 Longuinine, Corrvp, rend. 98. 94. 

' Berthelot and Ogier, Cowipt. rend. 92. 774. 

4 Longuinine, Comp. rend. 100. 63. 

« Favre and Silbermann, Ann. Chim. Phys. (3) 34. 433. 

« Ogier, Convpt. rend. 92. 671. 

7 Berthelot, Bull. 8oe. Chim. (2). 89. 484. 
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HEATS OF NEUTRALISATION OF ACIDS AND BASES. 

I. Heats of neiUralisation of acids a^scording to the determinations 

of Thomsen^. 

In the following solutions there are usually 200 formularweights 
of water to each formula-weight of sodium hydroxide, or equivalent 
quantity of acid. Consequently the resulting salt is dissolved in 400 
formula- weights of water. The temperature is, as a general rule, 
between 18* and 20^C. 

Table (1) shews the heats of neutralisation of the acids (calculated 
for one formula-weight) with formation of the normal sodium salts. 
Table (2) shews the development of heat for different proportions 
between acid and base, in so far as the normal heat of neutralisation 
is changed by an excess of acid or base. 



(1) Heats op neutralisation; with production of normal 
sodium salts. 

Monobasic acids. 



Name of the aoid 


Q 


[NaOHAq, QAq] 


a. 


Inorganic a>cids 






1. 


Hydrofluoric acid 


HF 


16,270 


2. 


Hydrochloric acid 


HCl 


13,740 


3. 


Hydrobromic acid 


HBr 


13,750 


4. 


Hydriodic acid 


HI 


13,680 
7,740 


5. 


Sulphydric acid 


HSH 


6. 


Hypochlorous acid 


HCIO 


9,980 


7. 


Chloric acid 


HCIO3 


13,760 


8. 


Bromic acid 


HBr03 


13,780 


9. 


Iodic acid 


HIO3 


13,810 


10. 


Nitric acid 


HNO3 


13,680 


11. 


Metaphosphoric acid 


HPO3 

hphA 


14,380 
15,160 


12. 


Hypophosphorous acid 


13. 


Perchloric acid 


HCIO, 


14,080 



^ ThermochemUche TJntermchungeny 1. 293 — 299. 
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b. Organic acids 

14. Hydrocyanic acid 

15. Formic acid 

16. Acetic acid 

17. Propionic acid 

18. Ethyl sulphuric acid 

19. Monochloracetic acid 

20. Dichloracetic acid 

21. Trichloracetic acid 



HON 
HCHO, 

HCXCIO. 
HCHCIO 



2,770 
13,450 
13,400 
13,480 
13,460 
14,280 
14,830 
13,920 



DUnmc adds. 



Name of the aoid 



[2NaOHAq, QAq] 



a. Inorganic acids 

22. Fluosilicic acid 

23. Chloroplatinic acid 

24. Sulphuric acid 

25. Selenic acid 

26. Chromic acid 

27. Sulphurous acid 

28. Selenious acid 

29. Dithionic acid 

30. Periodic acid 

31. Arsenious acid 

32. Phosphorous acid 

33. Carbonic acid 

34. Boric acid 

35. Silicic acid 

36. Stannic acid 

h. Orga/nic acids 

37. Oxalic acid 

38. Succinic acid 

39. Malic acid 

40. Tartaric acid 



H,8iF. 
H.PtCl. 

H,Se03 

H.PHO3 

H.SiO, 
H,SnO. 



HAHA 
H.C,H,0. 



26,620 
27,220 
31,380 
30,390 
24,720 
28,970 
27,020 
27,070 
26,590 
13,780 
28,450 
20,180 
20,010 
5,230 
9,570 



28,280 
24,160 
26,170 
25,310 



Tribasic cKids. 



Name of the acid 


Q 


[SNaOHAq, QAq] 


a. Inorganic acids 

41. Phosphoric acid 

42. Arsenic acid 

b. Organic acids 

43. Aconitic acid 

44. Citric acid 


H^AsO, 


34,030 
35,920 

39,110 
38,980 
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Name of the add 


Q 


[4NaOHAq, QAq] 


45. PjTophosplioric acid 




52,740 



(2) Development of heat on the formation of acid 
and basic salts. 



Q 


n 


[nNaOHAq, QAq] 


m 


[NaOHAq, inQAq] 


a. Monobagic 
acidt 

HF 1 
HSH 1 
HIO. { 

HPH,0, . 

HPO, . 

6. DUxwie 
acids 

H.SO, 

H,SeO, 
H.CrO, 1 

H.SO. 1 

H.SeO. 1 


2 

2 

1 
2 

1 

2 

f 

2 
3 

t 

4 

2 
4 
1 
2 
1 

1 

1 


16,272 

7,738\Difference 
7,802/ 64 

1 3, 808^1 Difference 
14,416/ 608 

7,695 

15,160\Di£ferenoe 
15,275/ 116 

7,104 
14,376 

16,384 
16,500 

7,193 r 
14,754 
20,077 
31,378 
31,368 

14,764 / 
30,392 

13,134 ( 
24,720 \ 
25,164 ( 
15,870 ( 
28,968 \ 
29,328 ( 
14,772 1 
27,024 { 
27,484 1 


1 

2 

1 

1 

2 

h 

1 

2 

i 
h 

1 
2 

1 

2 

1 

i 

1 


\ Difference 288 = 1*7 
16,272/ per cent, of total 
15,984(' heat of neutralisa- 

; tion. 

7,738 

\ Difference 192=1-4 
13,8081 per cent, of total 
14,000( heat of neutralisa- 

; tion. 

7,637 

\ Difference 230=1-5 
15,160( per cent, of total 
15,390r heat of neutralisa- 
/ tion. 
5,500 
8,192 

\ Difference 168=1-1 
14,3761 per cent, of total 
14,208| heat of neutralisa- 

/ tion. 

7,842 
15,689 
15,058 
14,754 
14,386 
15,196 
14,764 

6,291 
12,360 
13,134 

7,332 
14,484 
15,870 

6,872 
13,512 
14,772 



Digitized by Google 



APPENDIX IlL 



257 



H.IH3O J 



H AsO 



H.PHO, 



H,CO.| 



H,SiO. 



HAH A I 



3 

2 

8 

3 



1 

2 
3 
4 

\ 

2 
3 

1 
2 
4 



5,150 
16,520 
26,590 
28,230 
29,740 
32,040 

7,300 
13,780 
15,070 
15,580 

7,428 
14,832 
28,448 
28,940 

11,016 
20,184 
20,592 

4,524 
6,434 
11,101 
12,835 
15,460 
20,010 
20,460 
20,640 

2,652 
3,241 
3,555 
4,316 
4,731 
5,230 
5,412 

6,904 
13,844 
28,278 
28,500 

12,400 
24,156 
24,384 

13,035 
26,168 
26,752 

12,442 
25,314 
25,845 



6,410 

9,910 
11,290 
13,300 
11,010 

5,150 

3,895 
5,023 
6,890 
7,300 

9,647 
14,244 
14,832 
14,856 

5,148 
10,092 
11,016 

3,440 

6,820 
10,005 
10,307 
10,696 
11,101 
12,869 
13,573 

1,353 
2,615 
3,548 
4,316 
5,332 
6,483 
7,956 

7,125 
14,139 
13,8441 
13,808/ 

6,096 
12,078 
12,400 

6,688 
8,615 

1 2' 442} 215 



Difference 36 



M,T. C. 



17 
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e. TrUxmeemd 
tetrabaaie acids. 



HAH A 



2 
3 
6 

h 
1 
2 
3 
6 

1 

2 
3 
6 

1 

2 
3 
6 

1 

2 
4 
6 



7,329 
14,829 
27,078 
34,029 
35,280 

7,362 
14,994 
27,580 
35,916 
37,400 

12,848 
25,781 
39,114 
40,100 

12,672 
25,445 
38,982 
41,725 

14,376 
28,644 
52,738 
54,480 



5,880 
11,343 
13,539 
14,829 
14,658 

6,233 
11,972 
13,790 
14,994 
14,724 

6,683 
13,038 
12,890 
12,848 

6,954 
12,994 
12,722 
12,672 

9,080 
13,184 
14,322 
14,376 



IL ffecUa of netUraliacUion of bases according to the determina- 
tions of Tho7nsen\ 

(1) Direct results of experiments. 

Neutralisation of ikobganio bases. 



B 


[BAq, H«SO*Aq] 


[BAq, 2HCMq] 


[BAq, 2HN0»Aq] 


2LiOH 


31,288 


27,696 




2NaOH 


31,378 


27,488 


27,364 


2K0H 


31,288 


27,504 


27,544 


2T10H 


31,095 


47,528 


27,380 


BaO'H* 


36,896 


27,784 


28,264 


SrO'H« 


30,710 


27,630 




CaO'ff 


31,140 


27,900 




2NH" 


28,152 


24,544 


24,644 



^ ThermochemUche XJntertuchmgenj 1. 412 — 421. 
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To these experiments we may add the following, in which a base 
insoluble in water is dissolved and neutralised by the acids : — 

[CuO, 2HWAq] =18,130. 
[PbO, 2HN0*Aq] = 17,776. 
[PbO, 2C'H*0»Aq] = 16,468. 



Neutralisation of obqanic bases. 



B 



2CH».NH" 

2(CH7.]SrH 

2(CHy.N 

2(CHyN.0H 

2(0»HyS.OH 

2(NH»)*Pt.0*H» 

2NffO 

2C"H'^NW.0H 
2Sb(C'H*)'0 



[BAq, H»SO<Aq] 



21,080 
31,032 
30,690 
30,850 



3,650 



[BAq, 2HClAq] 



26,880 
26,230 
23,620 
17,480 
27,490 
27,440 
27,300 
18,620 
21,680 



Simple decompositions. 
a. Sulphuric add, and saUa of barium and had. 



Q 



BaCl« 
BaN'O' 

3aCl"0« 

Ba(PO»H»)» 

Ba{C*H*.SOy 

Ba(O^H»0»)' 

PbN*0« 

Pb(0*H»O')« 



[QAq, H^SO^Aq] 



9,162 
8,660 
9,136 
8,840 
6,966 
9,336 
9,992 
6,448 
7,656 



17—2 
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5. Sulphates, and baryta or potash. 



Na»SO* 

K*SO* 

Tl'SO* 

MgSO* 

MnSO* 

NiSO* 

CoSO* 

FeSO* 

CdSO* 

ZnSO* 

OuSO* 

BeSO* 

Ag«SO* 
iFe«(SOy 
JLaVSO*)" 

|Di"(SOy 
iY'(SO*)» 
4A1"K*(S0Y 
|Cr«K«(SO*)* 
lFe«K-(SO*)* 
(NH»0)*H»SO* 
(NO*H')*HW 



[QAq,BaO»H«Aq] 



5,492 
5,632 
5,728 
8,792- 
5,840 
10,304 
10,628 
12,224 
12,004 
13,072 
13,428 
18,456 



9,458 
10,872 
11,175 
11,826 
16,000 



15,320 



[QAq,2K0HAq] 



-88 
+ 4,912 
5,532 
5,888 
6,340 
7,066 
7,936 
12,376 
15,192 
16,800 
19,984 



10,176 
14,848 
20,040 

12,900 



To this group we may add the following reactions 

[CuC'H'O'Aq, BaO'H'Aq] = 14,072 
[Er«. 6C*H»0"Aq, 3BaO*H»Aq] = 25,680 
[2AgN0»Aq, BaO'H^Aq] = 17,380 
[CO'.N-H^Aq, BaO'H'Aq] = 4,971. 



c. Partial decompositions. 



n 


[BeSO*Aq, wKOHAq] 


[Fe«01«Aq, nNaOHAq] 


s 

I 

4 

2 


6,300 
8,930 
11,140 
15,190 


17,040 
25,308 
33,408 
49,008 
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1 

2 
4 
12 



[PbN«0«Aq,nNaOHAci] 



6,396 
12,678 
11,952 
11,064 

8,260 



[PbC*H«0*Aq, nKOHAq] 



4,332 
8,196 



PbO . PbC*H«0*Aq, 2N0»HAq] = 12,037 
K"SO*Aq, 2N0'HAq] =-2,968 
;2KN0'Aq, SO*H«Aq] = 709. 

Double decompositions. 
a. Sulphates, and salts of barium. 



Q 


[QAq, BaCiaAq] 


[QAq, BaN20«Aq] 




5,240 


4,680 
(5,648) 




5,280 


Am^SO* 


5,408 


5,048 
4,936 


MgSO* 
MnSO* 


5,600 


5,600 




CoSO* 


5,688 




CdSO* 


5,683 


5,128 


ZnSO* 


5,504 




CuSO* 


5,616 


5,080 


BeSO* 


6,660 





Q 


[QAq, SBaCl'Aq] 


La*3S0* 
Ce«3S0* 
Di'3S0* 
Y^3S0* 


27,432 
20,016 
21,762 
22,140 
22,842 


Q 


[QAq, 4BaC12Aq] 


KW.AP(SOy 

K*so^c^xsoy 


25,628 
24,544 
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[QAq. BaC*H«0*Aq] 



[QAq,BaC<Hio.SH)8Aq] 



Na*SO* 5,040 4,884 
5,136 

CaSO* — 5,784 
ZnSO* 4,608 

CuSO* 4,368 5,736 
FefSO* 6,736 

[Na»SO*Aq, BaOTO'Aq] = 4,980 
[CuSO'Aq, BaCl'O'Aq] = 5,950 
[Fe*S»0"Aq, 3BaCWAq] = 28,020 
[Fe*S»0"Aq, 3BaN"0*Aq] = 25,776 
[MgSO*Aq, BaS'O^Aq] = 5,456 
[CdSO^Aq, BaSWAq] = 5,600. 

b. Salts of lead, strarUium, and calcium. 

[PbN^O'Aq, NaWAq] = 1,712 
[SrCl^Aq, Na»SO*Aq] = 300 
[CaCl"Aq, Na^SO*Aq] = 438. 



(2) Heats of neutralisation of bases with various acids. 
Sulphuric acid, hydrochloric acid, and nitric acid. 
Inorganic bases. 



Solphmio add 
[Q, SO*H»Aq] 



.Hydrochloric acid 
[Q, 2ClHAq] 



Kitric acid 
[Q, 2N0«HAq] 



2K0HAq 
2NaOHAq 
2LiOHAq 
2T10HAq 
BaO'ffAq 
SrO'H'Aq 
CaO*H'Aq 

MnO«H» 
NiO^H' 
CoO"H« 
FeO"H« 



31,290 

31,380 

31,290 

31,130 

36,900* 

30,710 

31,140 

31,220 

26,480 

26,110 

24,670 

24,920 

23,820 

23,410 



27,500 
27,490 
27,700 
27,520 
27,780 
27,630 
27,900 
27,690 
22,950 
22,580 
21,140 
21,390 
20,290 
19,880 



27,540 
27,360 

27,380 
28,260 



27,520 



20,320 
19,830 
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CuO 

PbO 

HgO 

Hg»0 

Ag-O 

BeOa;H»0 



18,440 
18,800 
23,380* 



14,490 
28,160 
16,100 



14,910 

15,270 

16,390 

18,920 

30,070* 

42,380* 

24,540 

13,640 



14,890 
16,250 
17,770 
6,210 
5,790 
10,880 
24,640 



* The numbers marked thus represent the thermal values of the 
neutralisations when the compounds produced are completely pre- 
cipitated. In all other cases the compound formed is dissolved in 
the resulting liquid. For thallous chloride the thermal value is 47^680 
if the compound is supposed to remain undissolved. 



La"0'a;H«0 

Di»0»a;H"0 
Y^O'a;H*0 
APOWO 

Fe'OVH'O 



Salphurio acid 
[Q, 3S0*H«Aq] 



3.27,470 
3.26,030 
3.26,720 
3.25,070 
3.20,990 
3.16,440 
3.11,280 



Hydroohlorio add 
[Q, eOlHAq] 



3.26,020 
3.24,160 
3.23,980 
3.23,670 
3.18,640 
3.13,730 
3.11,160 



Organic bases. 



Pt(Nff),(OH). 

2S(C'ff)30H 

2N(CH»),0H 

2Nff 

2]SrHXCH«) 

2NH(CH»), 

2N(CH-)3 

2NH«(C"H*) 

2NH«(0H) 

2C"H*^N"0*(0H) 

Sb(C"H*),0 

2NH«(C«H*) 

2NH^(C'H') 



Snlphuric aoid 
[QAq, SOH2Aq] 



30,860 
30,690 
31,030 
28,160 



21,080 

21,680 

3,660 
18,480 
(18,640) 



Hydroohlorio acid 
[QAq, 2ClHAq] 



27,300 

27,440 

27,490 

24,640 

26,230 

23,620 

17,480 

26,880 

18,620 - 

21,680 

(16,480) 
16,240 
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CaBBON dioxide, 8ULPHTDRIC ACID, AND ACETIC ACID. 





Carbon dioxide 


Snlphydrio acid 


Acetic acid 


Q 


[Q. CO»Aq] 


[Q,2SH«Aq] 


[Q,2C*HK)2Aq] 


2NaOHAq 


20,180 


15,480 


26,790 


2K0HAq 
BaO*H* 


— 




26,430 


21,820 


15,750 


26,900 


SrO'H* 


20,550 


— 


— 


CaO*H* 


18,510 


— 


' — 


MgO'H' 
2NH"Aq 




15,680 
12,390 

[Q, SH*Aq] 


26,400 


16,850* 


24,020 










NiO'H* 




18 630 
1 7 4.1ft 




KyO\J JCL 














CdO'H' 




07 ^7ft 




ZnO'H' 




17,970 


18,030 


CuO'H' 






12,820 


CuO 




31,670 


13,180 


PbO 


16,700 


29,200 


15,470 


HgO 




45,300 




T1*0 




38,490 




Cu'O 




38,530 




Ag'O • 
Fe'O'SH'O 


14,180 


58,510 








38,020 



DiTBIONIC ACID, ETHYL-SULPHURIC ACID, AND CHLORIC ACID. 

[Q, RAq] 





B 


Q 




2[C2H'».S04H] 


2C108H 


2NaOHAq 
BaO'H'Aq 
MgO'H' 
CoO'H' 
CdO'H' 
CuO-H' 

JFe'O'H*' 


27,070 
27,760 
27,640 

20,360 


26,930 
27,660 

21,120 

14,840 


27,620 
28,050 

15,550 
10,780 



1 This number represents the value of the reaction when 100 HjO is present. 
For a solution with 400 HgO the value is 15,900 units. 
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Hypophosphorous acid and arsenious oxide. 



[Q, RAq] 


Q 


B=2P02H» 


2NaOHAq 


30,320 


BaO'H'Aq 


30,930 



R=A8-0» 

13,780 
14,020 



III. Heats of neutralisatum of acids and bases according to the 
observations of various chemists. 

Carbon acids. 



Beaction 



Thermal 
value 



Bemarks 



[m*Fe(ON)«Aq, K^O^H^Aq] 
[|H*Ee(CN)«Aq, JFe^O^ 

[C«H^CO*HAq, KOHAq] 
[(C^H^CO'HAq, KOHAq] 

[C*H»CO»HAq, KOHAq] 

[CH»NH»CO'H 21H*0, 

Na'O'H' 21H"0] 
[CH»NH»C0«H 21H*0, 

HCl 21H'0] 
[CH»CHNH»CO«H SIH'O, 

Na*0*H»21ffO] 
[OH'CHNHWH 81H»0, 
HCIH'O] 

rC'H'OHCO^HAq, 

NaOHAq] 



27,000 I 

12,600 j Precipitated ferric oxide used. 

14,300 j Neutralisationofbutjrricacidl 
14,300 Neutralisation of isobutyric 
I acid *. 

Neutralisation of valeric acid^ 



14,400 
2,990 

980 
2,470 

900 

13,500 



Neutralisation of gljcocoll by 
soda*. 

Neutralisation of glycocoll by 
acid*. 

Neutralisation of alanine by 
soda*. 

Neutralisation of alanine by 
acid*. 

Neutralisation of lactic acid*. 



^ Longuinine, Compt. rend. 80. 568, 
« Id. loc. cit, 86. 1329. 
8 Berthelot. 
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Phenol'. 
[CH'OAq, QAq]. 



Q 


Thermal 




Thermal 


yalae 


Q 


value 


NaOH 


7,340 




1,270 




7,460 




1,800 


KOH 


7,510 




2,180 


iCaO'H' 


7,420 




2,520 


iBaO"H» 


2,500 


2Nff 


2,700 


iBaO"H' 


5,030 






|BaO'H' 


7,480 







Glycollic acid*. 



Q 


[2C«H*08Aq, QAq] 


Q 


[2C2HWAq, Q] 




27,480 


PbO 


15,100 


Na'O'H" 


27,200 


MgO 


27,420 


2NH*0H 


24,460 


CuO 


15,220 


BaO'H* 


27,800 


ZnO 


20,800 


SrO'ff 


28,000 




CaO'ff 


27,800 







Isomeric oxybenzoic acids'. 

[C*H*OHCO'HAq, TiNaOHAq] 

ortho-acid meta-acid para-acid 

w=l 12,910 12,800 12,730 

w = 2 810 8,200 8,770 

n=3 — 700 700 

1 Berthelot, Compt. rend. 73. 672. 

' De Fororand, Compt. rend, 96. 582. A few more heats of neutralisation 
are to be found in Naumann's Therinochemie, pp. 360 — 367. 
^ Berthelot and Werner, CompU rend, 100. 1568 
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DATA RELATING TO DISSOCIATION-PHENOMENA. 



I. Relative densities of bodies which undergo dissociation. 



Nitrogen tetroxidb. 
Density (air = l) calculated for N^0^ = 3-18; for NO, = l-69. 
1. FressiM'e = 760 mm.^ 



Temp. 


Density 


Temp. 


Density 


Temp. 


Density 




2-65 


49^-7 


2-34 


90" 


1-72 


27-6 


2-70 


52 


2-26 


100 


1-71 


28 


2-70 


55 


2-20 


100-1 


1-68 


28-7 


2-80 


60-2 


2 08 


100-25 


1-72 


32 


2-65 


66 


2 03 


111-3 


1-65 


34-6 


2-62 


68 


1-99 


121-5 


1-62 


35-2 


2-66 


70 


1-93 


121-8 


1-64 


35-4 


2-53 


77-4 


1-85 


135 


1-60 


39-8 


2-46 


79 


1-84 


151-8 


1-50 


45-1 


2-40 


80-6 


1-80 


154 


1-58 


49-6 


2-27 


84-4 


1-83 


183-2 


1-57 



Temp. Pressure Density 
mm. 



II. Pressure va/rying'. 

Temp. Pressure Density 
mm. 



-6° 
-5 
-3 
-1 
+ 1 

2-5 

4 



125-5 
123 
84 
153 
138 
145 
172-5 



301 
2-98 
2-92 
2-87 
2-84 
2-84 
2-85 



10°-5 

11 

14-5 

16 

16-5 

16- 8 

17- 5 



163 

190 

175 

228-5 

224 

172 

172 



2-73 
2-76 
2-62 
2-65 
2-57 
2-55 
2-52 



Temp. Pressure Density 
mm. 



18" 

18-5 

20 

20- 8 

21- 5 

22- 5 
22-5 



279 

136 

301 

153-5 

161 

101 

136-5 



2-71 
2-45 
2-70 
2-46 
2-38 
2-28 
2-35 



1 Deville and Troost, Cm^t. rend. M. 237. 

3 Naumann, Ber. U. 2045. See also ante, pp. 121 and 126. 
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PUOSPHORUS PENTACHLOBIDE. 



Density (air = 1) calculated for PCI, = 7 2 ; for PCI3 + CI, = 3 6. 
I. Pressure = 760 mm. * 







Batio of dieso- 






Batio of disFo- 


Temp. 


Density 


ciated PGI5 to 


Temp. 


DenRity 


ciated PCI5 to 


possible PCIq 






possible PCI5 


182* 


6-08 


0-42 


274* 


3-84 


0-98 


190 


4-99 


0-45 


288 


3-67 


0-97 


200 


4-85 


0-49 


289 


3-69 


0-96 


230 


4-30 


0-68 


300 


3-65 


0-98 


250 


3-99 


0-80 


327 


3 65 


0-98 








336 


3-66 


0-98 



II. Pressure varyinrj*. 





Pres- 




Batio of disBO- 




Pres- 




Batio of disso- 


Temp. 


sure 


Density 


elated PCI5 to 


Temp. 


sure 


Density 


ciated PClg to 


nmi. 




possible PCI, 




mm. 




possible PClg 


129* 


165 


6-31 


014 


145* 


307 


6-33 


0-14 


129 


170 


6-63 


009 


145 


311 


6-70 


0-08 


129 


191 


6-18 


0-17 


145 


391 


6-55 


0-10 


137 


148 


6-47 


012 


148-6 


244 


5-96 


0-21 


137 


234 


6-42 


013 


150-1 


225 


5-89 


0-23 


137 


243 


6-46 


012 


154-7 


221 


5-02 


0-29 


137 


269 


6-54 


010 


167-6 


221-8 


5-42 


0-33 


137 


281 


6-48 


0-11 


175-8 


253-7 


5 24 


0-30 


144-7 


247 


614 


018 


178-5 


227-2 


5-15 


0-40 



Phosphorus pentachloride and trichloride. 

Experiments on the mixed vapours obtained by vaporising PCI^ 
into an atmosphere of PCI3.' 

JO = pressure of the mixture of PClg, PCIg, and CI, : ir = pressure 
due to possible pentachloride (found by subtracting pressure due to 
excess of trichloride, as calculated from the theoretical density of 
POlg, from the total pressure): d = density of possible pentachloride y 
calculated from its pressure, ir, temperature and volume being 
known. 

1 Cahours, Compt. rend. 21. 625 : and Ann, Chim. Phys. (3) 20. 369. 
^ Wurtz, Compt, rend. 76. 601 ; also Troost and Hautefeuille, Compt. rend. 
83. 977. 

' Wurtz, Compt, rend, 76. 601. See further regarding the dissociation of 
PCI5 , Lemoine, Etudes tur let Equilibres Chimiques 68—72. 
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Temp. 


P 




d 


173«-3 


756-1 mm. 


423 


6-68 


1654 


748-4 


413 


6-80 


176-3 


751 


411 


6-88 


169-4 


7241 


394 


7-16 


175-3 


743-3 


343 


7-03 


164-9 


758-5 


338 


7-38 


175-8 


760 


318 


7*00 


175-3 


756-3 


271 


7-06 


ibO'O 


7oo*o 




7-44 


165-4 


760 


194 


7-25 


170-3 


751-2 


174 


8-30 


174-3 


742-7 


168 


7-74 


Amylic 


BROMIDE, AKD 


AMTLIC 


IODIDE*. 



Density (air = 1) of amylic bromide calculated for C^H^Br = 5*22 : 
for qH^, + HBr = 2-61. 

Density (air = 1) of amylic iodide calculated for 0^11,^1 = 6 -84 : for 
C,H,, + HI = 3-42. 

Pressure = 760 mm. 



I. Amylic bromide. 



Temp. 


Density 


Temp. 


Density 


152^ 


5-37 


215^ 


4-12 


155-8 


5-18 


225 


4-18 


160-5 


5-32 


236-5 


3-83 


165 


5-14 


248 


3-30 


171-2 


5-16 


262-5 


3-09 


173-1 


5-18 


272 


3-11 


183-3 


5-15 


295 


3-19 


185-5 


5-12 


305-3 


3-19 


193-2 


4-84 


314 


2-98 


195-5 


4-66 


319-2 


2-88 


205-2 


4-39 


360 


2-61 



II. Amylic iodide. 



Temp. 


Density 


143^ 


6-05 


153-5 


5-97 


160 


5-73 


168 


5-88 


210 


4-66 


262 


4-38 



1 Wurtz, Compt rend, eo. 728. Ann, Chim, Phys, (4). 3. 131. 
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The chlobides of sulphur \ 

The quantities of the different compounds present at different 
temperatures were determined. 



I. Dissociation of SCI, into 2801^,. 



Tonip. 


SCI4 




-22* 


100 


00 


-15 


42-0 




-10 


27-6 


72-4 * 


_ 7 


220 




- 2 


12-0 


88-0 ' 


+0-7 


8-9 


91-3 * 


6-2 


2-4 






II. 


Dissociatio 


Temp. 


SCI, 




20* 


93-4 


6-6 


30 


87-2 


12-8 


50 


75-4 


24-6 


65 


66-8 


33-2 


85 


54-1 


45-9 


90 


26-5 


73-5 


100 


19-5 




110 


12-4 


87-6 


120 


5-4 


94-6 


130 


0-0 


100 



Bise of 
Temp. 



Increase in 
quantity 
of SCI, 



7" , 
5 . 
3 . 
5 

2-7 
5-5 



Rise of 
Temp. 

. 10" . 
. . 20 . 

. 15 . 

. 20 . 
. . 5 . 

. 10 . 
. . 10 . 
. . 10 . 
. . 10 . 



Increase in 
quantity 
of SjClj 

. . 6-2 

. . 11-8 

. . 8-6 

. . 12-7 

. . 27-6 

. . 70 

. . 71 

. . 7-0 

. . 5-4 



Mean in- 
crease for 



580 8-3 

13-2 2-6 

5- 7 1-9 

10-0 20 

3-1 11 

6- 4 11 



Mean in- 
crease for 
100 

6-2 
5-9 

5- 7 

6- 3 
(55-21) 

7- 
7-1 
7-0 
5-4 



Selenion tetrachloride*. 
Density (air = 1) calculated for SeCl, = 7*63 : for Se + CI, = 3-815. 





Fressu/re = 760 mm. 




Temp. 


Density 


Temp. 


Density 


180* 


7-62 


245* 


5-50 


200 


. 7-72 


295 


503 


210 


6-37 


350 


4-59 


225 


5-82 







^ Michaelis and Schifferdecker, Ber, 6. 993. 

' Evans and Bamsay, C. S, Journal. Trans, for 1S84. 62. 
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Sulphuric acid^ 

Density (air=l) calculated for H,SO^=3-386: for SO, + H,0=l-693. 

Pre88v/re = 760 mm. 

Temp. Density 

332° 2-50 

345 2-24 

365 2 12 

416 1-69 

498 1-68 



Iodine vapour*. 
Density (air = 1) calculated for I, = 8 76 : for I + 1 = 4-38. 
I. Pressure = 760 mm. 



Temp. 


Density 


Temp. 


Density 


448^ 


8-74 


1040° 


701 


680 


8-23 


1270 


5-82 


764 


8-28 


1400 


5-27 


855 


807 


1470 


5-06 


940 


7-65 







IL Presswre varying^. 



Pressure mm. 


Temp. 


Density 


76 


1350° 


4-4 


152 


1400 


4-4 


228 


1500 


4-6 


304 


1450 


4-9 



For the interval 350° — 700° the density was constant and equal 
to 8' 8 even when the pressure was much diminished. 

Chloral hydrate*. (B. P. = 95°.) 

Density (air = 1) calculated for C,Cl3H30, = 5-72 : 

for C,Cl3H0 + H,0 = 2-86. 

Temp. Pressure nmi. Density 

100 450-5 2-81 

78-5 162 2-83 

^ Wanklyn and Bobinson, CompU rend, 66. 547. 
3 iifeier and Crafts, Ber. 13. 851. 
8 Id. Compt, rend, 92. 39. 
« Naumann, Ber. 9. 822. 
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Chloral alcoholate^ (B. P. = 116®.) 
Density (air = 1) calculated for C^H^Cl.O = 6 7 : 

for C,C1,H0 + C,H,0 = 3-35 
Temp. Pressnre mm. Density 

100* 756 3-33 

BUTTL chloral HYDRATE*. 

Density (air = 1) calculated for C^HyCl,Oj, = 6*7 : 
for C,H.Cl,0 + H,0 = 3-35. 
Boiling begins at 100® and temperature rises until 165", the B. P. 
of butylchloral, is reached. 

Temp. Pressure mm. Density 

100* 338 3-55 

100® 476 3-50 



Densities of various 



COMPLETELY DISSOCIATED VAPOURS^ 
Density (air=l) 



Ammonium chloride ) 
NH.Cl / 

Ammonium bromide ) 
NH,Br / 

Ammonium iodide NH^I 

Ammonium sulphydrate 

NH,SH 
Ammonium cyanide 

NH.CN 
Etbylamine hydrochlo- 
ride NH,(C,H,)HC1 
Aniline hydrochloride 
NH.(C.H.)HC1 

Ammonium carbamate* \ 
CO(NH.)(ONHJ ) 



Temp. 




observed 


360® 




1-011 




1040 




1-00 




440 




1-67' 




860 




1-71 




440 




2-591 




860 




2-78 




56-7 


0-89 




100 




0-79 




350 




1-44 




350 




219 




pressure 








mm. 






37 


144 


0-896 


47 


403 


0-890 


78 


160 


0-893 


78 


422 


0-892 


100 


169 


0-891 


140 


760 


0-894 



calculated for 
0-93 NH3 + HCI 



1-70 NHg + HBr 



2-50 NH, + HI 
0-88NH, + H,S 

0- 76 NH, + HCN 

1- 41 NH,(C,H,)+ 

HCl 

1-83 NH.(C.HJ-i- 
HCl 



.0-898 2NH, + 0O, 



1 Wurtz, CompU rend. 86. 49. 
» Engel and Moitessier, Compt, rend, 90. 1075. 
» Deville and Troost, Compt rend, 66. 895. 
* Naomann, Ber. 4. 780. 
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HyDRIODIC ACID. 

Lemoine's experiments were made (1) with hydriodic acid, (2) 
with a mixture of hydrogen and iodine vapour. He studied both the 
rate and the limit of dissociation at specified temperatures and 
pressures ; and also the influence of an excess of either constituent 
on the final equilibrium of the system. 

His most important results are given in the following tables. 



I. Bate of dissociation. 
Hydrogen and iodine vapour heated to 350*. 



Hydriodio acid 
heated to 3500. 



r , 
Pressures 

Duration of 
Experiment 
in hours 


3040 mm. 

Ratio of free 
to total 
hydrogen 


Pressure = 

Duration of 
Experiment 
in liours 


a520mm. 

Ratio of free 
to total 
hydrogen 


Pressure = 

Duration of 
Experiment 
in hours 


= 684 mm. 

Ratio of free 
to total 
hydrogen 


Pressure = 

Duration of 
Experimeat 
in hours 


1620 mm. 

Ratio of free 
to total 
hydrogen 


8 


0-4 


3 


88 


8 


0-97 


9 


003 


8 


0-48 


8 


0-69 


34 


0-61 


70 


0-20 


23 


0-25 


34 


0-48 


75 


0-53 


167 


0-21 


33A 


0-29 (?) 


76 


0-29 


79J 


0-48 (?) 


259 


0-186 


72^ 


0-21 


327 


0185 


215 


0-35 






76 


0-22 






377 


0-22 






117 


0-22 






407 


0-18 (??) 






140 


0-22 













When equilibrium is established at a pressure of two atmospheres, 
the ratio seems to be about 01 86. 



II. Limit of dissociation. 
Hydrogen and iodine vapour heated to 440^. 



Pressure= 


= 3420 mm. 


Pressure = 


1760 mm. 


Pressure = 


= 684 mm. 


Pressure = 


= 152 mm. 


Duration of 
Experiment 
in hours 


Ratio of free 
to total 
hydrogen 


Duration of 
Experiment 
in hours 


Ratio of free 
to total 
hydrogen 


Duration of 
Experiment 
in hours 


Ratio of free 
to total 
hydrogen 


Duration of 
KYperiraent 
in liours 


Ratio of free 
to total 
hydrogen 


1-85 


0-24 


0-33 


0-31 


24 5 


0-27 


119 


0-297 


22 


0-24 


9-5 


0-25 


25 


0-25 


119 


0-297 


22 


0-24 


18 


0-26 











Lemoine notices some sources of error in these experiments. He 
concludes that when equilibrium is established at a pressure of 4 J 
atmospheres the ratio of free to total hydrogen is 0*25, and when 
established at 0*9 atmospheres the ratio is 30. 

M. T. C. 18 
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III. Influence of excess of one. constituent on the final equilibrium 

of the system. 

Hydrogen and iodine vapour heated to 440®, pressure being 
= 1750 mm. 

Batio of HI dissociated : Ratio of HI produced : 

HI possible^ HI possible^ 

0-24 0-76 

0-17 0-83 

0-14 0-86 

012 0-88 



Batio of H:I 

H :I 
H : -7841 
H : -5271 
H : -2581 



The results on which the foregoing table is based may also be 
represented 4n this way : — 



Composition of 
initial system 

H + I 
2H + I 
3H + I 
4H + I 



Batio of HI dissociated : 
HI possible 

0-26 
016 
0-13 (1) 
012 



Batio of HI produced : 
HI possible 

0-74 
0-84 , 
0-87 
0-88 



Compound formed by the action op hydrochloric acid on 

METHYLIC oxide; C,H,,0. HCl. 

The influence of (1) temperature, (2) pressure, (3) excess of one 
constituent, on the dissociation of C,HgO. HCl has been studied by 
Friedel*. 

I. Influence of temperature. 



Pressure approximately 760 mm. 



Temp. 


Density 


Batio of disso- 
ciated : total gas' 


Temp. 


Density 


Batio of disso- 
ciated : total gas 3 




1-645 


0-75 


55** 


1-498 


0*93 


15 


1-570 


0-84 


65 


1-488 


94 


25 


1 537 


0-88 


75 


1-483 


0-95 


35 


1-516 


0-90 


85 


1-474 


0-96 


45 


1-506 


0-92 


95 


1-467 


0-97 



Theoretical density if decomposition were complete = 1-43; if no 
decomposition occurred = 2*854. 



1 That is, possible if all the iodine had combined with hydrogen. 

2 Bull. Soc. Chim. (2). 24. 160 ; 241. ^ 

3 Calculated by Lemoine. See his Etudes mr les Equilihres chimiqves, 87 
—91. 
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II. Influence of pressure. 



Temperature approximately 21®. 



Pressure 


Density 


Ratio of disso- 
oiated : total 
gafli 


Pressure 


Density 


Ratio of disso- 
ciated : total 
gas^ 


670 mm. 


1-537 


0-88 


950 mm. 


1-583 


0-82 


750 „ 


1-548 


0-86 


1050 „ 


1-602 


0-80 


850 „ 


1-565 


0-84 


1100 „ 


1-611 


0-79 



Theoretical density if decomposition were complete •= 1*43 ; if no 
decomposition occurred = 2-854. 



III. Influence of excess of one constituent. 



The contraction occurring on mixing varying volumes of (C^^fi 
and HCl gases was measured. Temp, approximately 20* ; pressure 
approximately 760 mm. 



Excess of one constituent, referred to 
the total volume of the mixture. 


Contraction, referred to the total 
quantity of gas which could combine. 


(1) Excess of (CH3),0. 






Ratio of disso- 






ciated : total gas^ 





5 '8 per cent. 


0-884 


0-1 


7-7 




0-846 


0-2 


8-9 




0-822 


0-4 


10-8 




0-784 


0-6 


11-8 


)> 


0-764 


(2) Excess of HCl. 











5-8 


yj 


0-884 


01 


7-7 


f) 


0-846 


0-2 


8-6 


)> 


0-828 


0-4 


10-4 




0-792 


0-6 


11-2 




0-776 



^ Calculated by Lemoine. See his Etudes sur les Equilibres chimiqties, 87 
—91. 



18—2 
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IL EquUtbriuTivfresmres of different dissociating systems at 
varioys temperatures. 

Ammonium carbamate. 



CO(NH,)ONH^ dissociates into 2NH3 + CO,^ 



Temp. 


Eqailibrium-pressnre 


Temp. 


Equilibrimn-pressare 


— 10 


2*6 mm. 


ZD 


97 '5 mm. 


- 10 


4-8 


99 




110 


»> 


— 5 


7-5 


99 


OA 

oO 


124 


)} 





12-4 


99 


oo 
oz 


143 


99 


+ 2 


15-7 


99 


34 


166 


• 99 


4 


19 


99 


36 


191 


99 


6 


22 


99 


38 


219 


99 


8 


25-7 


99 


40 


248 


99 


10 


29-8 


99 


42 


278 


99 


12 


34 


99 


44 


316 


99 


14 


39 


99 


46 


354 


99 


16 


46-5 


99 


48 


402 


99 


18 


53-7 


99 


50 


470 


99 


20 


62-4 


99 


55 


600 


99 


22 


72 


99 


60 


770 


99 


24 


84-8 


99 









Double compounds op ammonia. 



The double compounds of silver chloride and ammonia dissociate 
into their constituents', (1) AgCl. 3NH3 into AgCl + 3NH3; (2) 
2AgCl. 3NH3 = 2AgCl + 3NH3. 

Equilibrium-pressures (mm.) 



Temp. 


AgCl. 3NH3 


2AgC1.3NHs 


6° 




22 


7 




23-4 


8 


432 


24-9 


9 


446 


26-5 


10 


465 


28-2 


11 


491 


30 


12 


520 


31-9 


13 


551 


33-9 


14 


584 


36 


15 


618 


38-3 


16 


653 


40-9 


17 


688 


43-7 


18 


723 


46-6 


19 


758 


49-6 


20 


793 


52-6 


21 


829 


55-6 



1 Naumann, Ber. 4. 781 ; 815. See also Id. loc, cit. 18. 1157. 

2 Horstmann, Ber. 9. 756. 
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The double compound of calcium chloride and ammonia, 
CaClgSNH^, dissociates into its constituents* CaC]j + 8NH,. 



h3 



Temp, 


10- 8 

11- 6 
13 

16- 7 

17- 8 
214 
30-4 
36-8 
43-4 

^21-5 
19-9 
16-3 




Equilibriam-pressore (mm.) 
120-5 
209-2 
239 
269-6 
295 
320 
380 
572 
899 
1283 
599 
436 
310 
169-5 




Chloral htdrate. 
Ca,. CHO. H,0 dissociates into CCI3CHO + H,0'. 



Temp. 


EquiUbrimn-pressure 


Temp. 


Equilibrimn-pressore 


0' 


230 mm. 


8^-8 


772 mm. 


3-3 


375 „ 


91 


776 „ 


3-6 


400 „ 


9-5 


793 „ 


5 


481 „ 


101 


832 „ 


5-7 


530 „ 


11 


950 „ 


5-9 


545 „ 


11-5 


1015 „ 


6-6 


571 „ 


11-7 


1032 „ 


7-2 


595 „ 


12-9 


1245 „ 


7-6 


644 „ 


14-5 


1400 „ 


8 


671 „ 







BUTYLCHLORAL HYDRATE. 

an CI .CHO. HO dissociates into C,H CL CHO + H,0'. 
Temp. Equilibrium-pressure 
16°-8 18-3 mm. 

46 62-8 „ 

65 125 „ 

78-4 331 „ 

1 Weinhold, Pogg, 149. 220. 

* Isambert, Conipt. rend. 86. 481. 

' Engel and Moitessier, Compt, rend. 90. 1076. 
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Phosphorus. 

When ordinary phosphorus is heated in a closed vessel it is 
partiallj changed into red phosphorus: for each temperature there 
is a maximum pressure exerted by the phosphorus vapour at which 
the change stops. 

The following numbers are taken from a paper by Troost and 
Hautefeuille' : — 



Temperature 

360* 

440 

487 

510 

531 

550 

577 



Equilibrium-pressure 
in atmospheres 

01 

1-75 

6-8 
10-8 
16 
31 
56 



Chlorine hydrate. 



01 5HgO, formed at a temperature less than dissociates on 
heating into chlorine and water*. 



Temp. 


Equilibrium-pressure 
mm. 


Temp. 


Equilibrium-pressure 
mm. 


0* 


230 


8*-8 


722 


3-3 


375 


9-1 


776 


3-6 


400 


9-5 


793 


50 


481 


101 


832 


5-7 


530 


11 


950 


5-9 


545 


11-5 


1015 


6-6 


571 


11-7 


1032 


7-2 


595 


12-9 


1245 


7-6 


644 


14-5 


1400 


8-0 


671 







Htdrated salts. 

Many hydrated salts lose water when heated in a closed vessel. 
When the presaure of the water-vapour evolved reaches a certain 

I Ann. Chim» Phys, (5). 2. 145. 
* Isambert, Compt, rend, 86. 481. 
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amount, for a specified temperature, the process stops. The following 
numbers were obtained by G. Wiedemann*. 



MgS047H20 


ZnSO^THaO 




CoSO^THjO 




Temp. 


Eqmlibniim- 


Temp. 


Equilibrium- 


Temp. 




Equilibrium- 


pressuTB 


pressure 




pressure 




17-8 mm. 


ir-6 


PS .ft 


mm. 


13'-6 




Q.Q 


mm. 


29-8 


26-6 „ 


16-5 


T .Q 
/ o 




20 








35 


35-6 „ 


20-2 


101 


)) 


22-1 




15-9 




40-2 


46-3 „ 


22 


12-6 




251 




17-3 




45-4 


60-9 „ 


30 


20-3 




26-2 




19-2 




519 


81*9 


345 


40-7 


»> 


35 




35-6 




61-2 


129-2 " 


40 


54-9 


>» 


40 




47-4 




61-8 


132-5 „ 


45 


71-4 


>> 


45 




62-3 




70-2 


188-9 „ 


50 


92-9 




60 




78-5 








55 


117-5 




55 




106 








60 


113-9 




60 




133-4 


>l 






66 


145-5 




64-9 




165-8 








70 


170-8 




70 




207-2 








75 


221-2 




75 




252-6 








78-8 


258-5 




80 




306-4 








85-5 


376-4 




85 




377-4 


» 






88 


427 




90 




447-9 





NiS047H20 



Temp. 


Equilibrium- 
pressure 


Temp. 


Equilibrium- 
pressure 


13^-6 


11-2 ram. 


2r 


13-3 mm. 


20-2 


16-5 „ 


25-5 


16-9 „ 


25 


19-3 „ 


29-9 


21-2 „ 


30 


26-3 „ 


36-3 


30-1 „ 


35 


36-4 „ 


40-4 


41-1 „ 


40 


46-9 „ 


45 


55-1 „ 


45-2 


60-1 „ 


50 


74-8 „ 


50 


81-4 „ 


56-3 


109-1 „ 


56 


108-2 „ 


59-9 


128-7 „ 


60 


130-6 „ 


65 


163-4 „ 


65 


163-8 „ 


70 


205-2 „ 


70 


204-3 „ 


75 


263-9 „ 


75 


249-6 „ 


80 


321-9 „ 


80-1 


306-9 „ 


85 


397-7 „ 


85-2 


368-5 „ 


90 


478-2 „ 


90 


436-8 „ 


93-5 


548-9 „ 



FeS047HaO 



1 Fogg. Jubelbd. 474. 
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III. So-called aJlmormal va/pywr dendties. 



Formic acid. 

Experiments of Bineau^. Temperature and pressure varying. 
Density (air = 1) calculated for CH,0, = 1 -59. B.P. = lOr. 



Temp. 


PresBtue 
nun. 


Doiflity 


Temp. 


Pressnre 
mm. 


Density 


10*5 


14-7 


3-23 


99*-5 


684 


2-49 


11 


7-3 


302 


99-5 


690 


2-52 


12-5 


15-2 


314 


101 


650 


2-41 


15 


7-6 


2-93 


101 


693 


2-44 


15-5 


2-6 


2-86 


105 


630 


2-32 


16 


15-9 


313 


105 


650 


2-33 


18-5 


23-5 


3-23 


105 


691 


2-35 


20 


2-8 


2*80 


108 


687 


2-31 


20 


8 


2-85 


111 


608 


2-13 


20 


16-7 


2-94 


111-6 


690 


2-25 


22 


25-2 


3-05 


111-5 


690 


2-22 


24-5 


17-4 


2-86 


115 


655 


2-13 


29 


27-4 


2-83 


115-6 


640 


2-16 


30 


18-3 


2-76 


115-5 


649 


2-20 


30-5 


8-8 


2-69 


117-6 


688 


2-13 


31-5 


31 


2-60 


118 


650 


2-13 


34-5 


28-9 


2-77 


118 


656 


2-14 


99-5 


557 


2-34 


124-5 


640 


2-04 


99-5 


602 


2-40 


124-5 


670 


206 


99-5 


619 


2-41 


126-5 


645 


203 


99-5 


641 


2-42 


125-6 


687 


205 


99-5 


662 


2-44 


184 


750 


1-68 


99-5 


676 


2-46 


216 


690 


1-61 



1 Ann, Chim. Phya. (3). 18. 240. 
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Acetic acid. 



Density (air = 1) calculated for C,H^O, = 2-08. B.P. = 1 19°. 
1. Pressure = 760 mm. 



Temp. 


Density 


Temp. 


Density 


Temp. 


Density 


124° 


3-20 


162° 


2-59 


250° 


2-08 


125 


3-20 


165 


265 


252 


2-09 


128-6 


3-08 


170 


2-48 


254-6 


2-14 


130 


311 


171 


2-42 


272 


209 


131-3 


3-08 


180 


2-44 


280 


2-08 


134-3 


311 


181-7 


2-47 


295 


2-08 


140 


2-90 


190 


2 35 


300 


2-08 


145 


2-75 


209 


2-24 


308 


2-08 


150 


2-75 


219 


2-15 


321 


2-08 


152 


2-72 


230 


2-09 


327 


2-08 


160 


2-48 


231 


2 11 


336 


2-08 


160-3 


2-65 


233-5 


2-20 


338 


2-08 






240 


2 09 







II. Pressure va/ryin^. 



Temp. 


Pressure 
mm. 


Density 


Temp. 


Pressure 
mm. 


Density 


ll°-5 


3-76 


3-88 


22° 


8-64 


3-85 


12 


2-44 


3-80 


24 


5-75 


3-70 


12 


5-23 


3-92 


28 


1003 


3-75 


19 


2-60 


3-66 


30 


6-03 


3-60 


19 


4-00 


3-75 


35 


11-19 


3-64 


20 


5-56 


3-77 


36-5 


11-32 


3-62 


20 


8-55 


3-88 


129 


633 


2-88 


20-5 


1003 


3-95 


»130 


30-6 


2-10» 


21 


4-06 


3-72 


n30 


59-7 


212» 


22 


2-70 


3-56 


132 


757 


2-86 



1 Cahours, Campt, rend, 20. 51. Horstmann, Annalen. SupplM. 6. 63. 

' Bineau, Annalen. 60. 160. 

' Observation by Troost, Compt, rend, 86. 1395. 
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Acetic acid. 



Experiments by Naumann}. Temperature and Pressure varying. 



Tern 

Pressnre 
(mm.) 


p. 78« 
Density 


Temp 
Pressure 


. lOQo 
Density 


Temp 
Pressure 


. 1100 
Density 


164 
149 
137 
113 

80 
66 


3-41 
3-34 
3-26 
3-25 
3-06 
304 


393-5 

342-3 

258 

232 

186 

168 

156 

130 

92 

77-7 


3-44 
3-37 
3-17 
312 
306 
3-01 
2-98 
2-94 
2-76 
2-66 


411 

359-3 

197 

166-5 

138-5 

98-5 

84 


3-31 
3-22 
2-91 
2-81 
2-78 
2-61 
2-49 


Temi 
Pressure 


K 120® 
Density 


Temp 
Pressure 


. 1300 
Density 


Temp 
Pressnre 


. 1400 
Density 


432 
377-5 
252 
209 
180 
149 
106 
89-5 


314 
306 
2-94 
2-75 
2-61 
2-60 
2-46 
2 37 


455 
398-5 
274 
221 
201 
188 
157-5 
112-5 
93 


2-97 
2-89 
2-68 
2-61 
2-56 
2-50 
2-47 
2-34 
2-32 


477 
417-5 
287-5 
232 
199 
168-2 
117-3 
98 


2-82 
275 
2-54 
2-50 
2-40 
2-32 
2-27 
2-24 


Temi 
Pressure 


). 150® 
Density 


Temp 
Pressure 


. 1600 
Density 


Temp 
Pressure 


. 1850 
Density 


498-5 

436-5 

300 

243 

208-2 

175 

103 


2-68 
2-63 
2-44 
2-40 
2-29 
2-26 
2-16 


253 
129-2 


2-31 
211 


565 

495 

382 

335 

269 

230 

191-5 

110-5 


2-36 
2-31 
2-25 
2-23 
2-22 
214 
2-13 
2-11 



^ Annalen. 165. 325. 
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Butyric acid. 
ExperimenU of Cahoura^. Pressure = 760 mm. 



Density (air= 1) calculated for C,Hp, = 3 04. B.P. = 157**. 



Temp. 


Density 


Temp. 


Density 


177' 


3-68 


26r 


307 


208 


3-44 


290 


307 


228 


3-22 


310 


3 07 


249 


3-10 


330 


3-07 



Ethylic oxide. 

Eacperiments of Horstmann\ Temperature and Pressure varying. 
Density (air = 1) calculated for (O.HJ^O = 2-56. B.P. = 35". 



Temp^ 


Pressure 
(mm.) 


Density 


Temp. 


Pressure 


Density 


39"7 


763 


2-65 


93^-1 


762-4 


2-60 


46-1 


764-5 


2-67 


102-8 


756-2 


2-60 


' 52-2 


740-5 


2-64 


115-3 


755-8 


2-58 


53-7 


745 


2-65 


130-6 


756-7 


2-58 


66-1 


754-3 


2-65 


132-6 


742-5 


2-57 


81-1 


762-6 


2-61 


204-5 


757-1 


2-57 



Wateb*. 

Density (air= 1) calculated for H^O = 0-622. 



Temp. 


Pressure 


Density 


108«-8 


752-7 


0-653 


129-1 


740-3 


0-633 


175-4 


764-1 


0-625 


200-2 


755-9 


0-626 



1 Compt. rend. 20. 51. 

^ Horstmann, Annalen, Supplbd. 6. 63. 
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Ethereal salts. 
Temperaiure and Pressure varying. EoBperimemJls of SchoopK 
I. Methyl formate. 



Density (air = 


1) calculated for HCO.CH, = 2 0783. B.P. = 31^-5. 


Temp. 




Temp. 84« 


Preasnre (mm.) 


Density 


Pressure 


Density 


170-4 


2-0708 


722 


20980 






440-5 


2-0737 






315-5 


2-0567 






247-2 


2-0458 


Temp. 64^*4 


Temp. 99<>-4 


PresBore 


Density 


Pressure 


Density 


801-2 


2-0759 


887 


2-0650 


485-6 


2-0638 


538-3 


2-0546 


348-9 


20493 


385-8 


2-0436 


272 1 


2-0373 


300-4 


20382 




IL Ethyl formaAe, 




Density (air = 


1) calculated for HCO,C,H, = 2-5632. B.P. = 54^ 


Temp. 35« 


Temp. 46<>-3 


Pressure 


Density 


Pressure 


Density 


174-7 


2-5613 


181-2 


2-5599 


235-2 


2-5839 


245-6 


2-5694 


328 


2-5998 


340-8 


2^5938 






524 


2-6207 


Temp. 660-7 


Temp. 99®-5 


Pressure 


Density 


Pressure 


Density 


887-9 


2-6391 


1004-4 


2-6144 


599-3 


2-6071 


660-3 


2-5764 


361-4 


2-5910 


400-5 


2-570 


260-4 


2-5682 


287 


2-5567 


192 


2-5588 


212 


1 2-5477 



1 Wied, Ann. 12. 650. 
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III. Methyl acetate. 
Density (air = 1) calculated for CH3CO,0H3= 2-5632. B.P.=53«-5. 



Temp. 340-8 



Temp. 



Pressure 


Density 


Pressure 


Density 


297-4 


2-5885 


338-7 


2-5882 


233-8 


2-5729 


244-8 


2-5591 


173-6 


2-5543 


180-4 


2-5495 


Temp. 650-3 


Temp. 990-5 


Pressare 


Density 


Pressure 


Density 


593-1 


2-5997 


980 


2-6079 


359-8 


2-5817 


656 


2-5810 


257-5 


2-5596 


399-3 


2-5612 


191-6 


2-5467 


285 


2-5490 






211-3 


2-5207 



IV. Propyl formate. 
Density (air = 1) calculated for HCO.CgH, = 3-0481. B.P. = 83^ 
Temp. 34*^-7. Pressure 121 8 mm. Density 3-2267. 



Temp. 650-3 


Temp. 800-2 


Pressure 


Density 


Pressure 


Density 


152-2 


2-9820 


157-7 


2-9812 


206-1 


2-9902 


215-4 


2-9859 


287-2 


3-0144 


301 


30017 


403-2 


3-0478 


494-1 


3-0487 






700-1 


30597 


Temp. 990-4 


Temp. 1280 


Pressure 


Density 


Pressure 


Density 


1076-1 


3-0675 


116-8 


3-0598 


■ 780-4 


3-0336 


842 


3-0262 


521-6 


3-0219 


564-1 


3-0048 


317-6 


2-9948 


343-5 


2-9829 


2-28-8 


2-9665 


244-3 


2-9726 


168-9 


2-9596 


181-7 


2-9700 
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y. Eifiyl (iceUUe, 
Density (air = 1) calculated for CH3C0,C.H3 = 3 0481. B.P. = 77°. 
Temp. 35". Pressure 128-8 mm. Density 3 0606. 



Temp. 65<>1 


Temp. 79® -6 


Pressure 


Density 


Pressure 


Density 


148-2 


3-0521 


706-7 


3-1776 


199-8 


3-0752 


474-4 


31365 


279-4 


3-1008 


289-1 


3-0993 


454-7 


3-1438 


208-3 


3-0800 






154 


30557 


Temp. 99<>-4 


Temp. 128« 


Pressure 


Density 


Pressm^ 


Density 


1074-3 


31722 


10761 


31335 


759-4 


3-1226 


818-1 


3-1196 


503-7 


31136 


646-3 


3-0892 


306-9 


30825 


331 


3-0860 


220-6 


3-0656 


237-5 


3-0626 


163-3 


30491 


174-6 


30379 



VI. Methyl propionate. 
Density (air = 1) calculated for C.H.CO.CH, = 3 0481. B.P. = 78*^-7. 



Temp. 64®*9 


Temp. 780-96 


Pressure 


Density 


Pressure 


Density 


113-2 


3-0364 


118 


30377 


153 


3-0523 


1591 


30466 


211-8 


3-0859 


221 


3-0768 


348-1 


31136 


365 


3-0924 






549-8 


3-1090 


Temp. 99*-3 


Temp, 1270-8 


Pressure 


Density 


Pressure 


Density 


776-7 


3-1103 


817-8 


3-0951 


579-5 


3-1026 


624*7 


3-0894 


387-2 


30813 


417-7 


3-0'853 


234-3 


3^0646 


251-2 


3'0695 


168-6 


3-0421 


180-3 


3»0539 


124-5 


3-0242 


132-3 


3-054 i 
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Bromine and chlorine\ 
I. Bromine. 

TemD fthovp Deviation (in per 

lem^aDove Density cents) from Dififerencea 

* * normal density 



40° 5-7115 3-381 

60 5-6809 2-827 ' 

80 5-6503 2-273 ' 

100 5-6197 1-719 ' 

120 5-5891 1-165 ' 

140 5-5585 0-612 ' 

160 5-5279 0-058 ' 

II. Chlorine, 

40° 2-4844 1-397 

60 • 2-4810 1-261 * 

80 2-4776 1-122 * 

100 2-4742 0-984 * 

120 2-4708 0-845 * 

140 2-4674 706 * 

160 2-4641 0-571 ' 

180 2-4606 0-429 ' 

200 2-4572 290 ' 

220 2-4538 0-102 * 

240 2-4504 000 * 

1 Jahns, Ber. 15. 1238. 



•554 
•554 
•554 
•554 
•553 
-554 



•136 
-139 
-l::i8 
•139 
•139 
•135 
•142 
•139 
•188 
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HEATS OF SOLUTION, DILUTION AND HYDRATION. 

I. VcUnsa determined by Thomsen}. 
Heats of solution and dilution of acids. 



[NO«H, mH«0] 



1 
2 
3 
4 
5 
9 

19 



49 
99 
199 
399 
799 
1,599 



BesnltB of 
experiment 



Calculated 
aooording to 
the formala 
m X 17,860 
w + 1-7983 



6,379 
9,418 
11,137 

13,108 
14,952 
16,256 



6,382 
9,404 
11,167 
12,320 
13,135 
14,886 
16,315 



16,684 
16,858 
17,065 
17,313 
17,641 
17,857 



17,840 



[SO', H«0] : 
[2S0», H«0] : 



= 21,320 
: 24,020 



05 
1 

1-5 
2 

25 
3 
4 
5 



10 
20 
40 
80 
100 
160 
320 



Results of 
experiment 



2,005 
3,285 
4,160 

5,276 
5,710 

6,665 



7,318 
7,458 
7,436 
7,421 
7,439 
7,450 
7,493 



Caloalated 
according to 
the formula 
mx 8,974 
m+ 1-737 



2,008 
3,285 
4,160 
4,808 
5,301 
5,690 
6,266 
6,668 



* Thermochemiache Untersxichungen, 3. 34—39 ; 179—180 ; and 193—204. 
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m 


[C»H*0«, mH»0] 


[CHW, mH30] 


m 


[H»PO*,mHaO] 


0-5 


-130 


+ 124 


1 


1,741 


1 


-152 


+ 172 


3 


3,298 


1-5 


-165 




9 


4,509 




— lOD 


+ 1D# 


OA 


4 


-111 




50 


5,169 


8 


- 2 




100 


5,269 


20 


+ 173 




200 


5,355 


50 


+ 278 


+ 126 






100 


+ 335 


+ 148 






200 


+ 375 


+ 149 







These values all refer to the acids as liquid bodies. They hold 
good therefore for fused sulphuric acid and orthophosphoric acid. 
On the other hand, the following values are valid for crystallised 
tartaric acid : 



m= 


6 


20 


50 


100 


200 


400 


[C*HW, 


- 3,240 


- 3,307 


- 3,452 


-3,516 


- 3,566 


- 3,600 



Heats op solution op hydbochlobic, hydrobromic, and hydbi- 

ODIC ACID, IN various QUANTITIES OP WATER. 



m 


[HCl, mH^'O] 


[HBr, mWO] 


[HI, mH«0] 


2 


11,365 


(13,860) 


(12,540) 


3 


13,362 


15,910 


14,810 


5 


14,959 


17,620 


17,380 


6 




18,250 




10 


16,157 


19,100 
19,470 


18,580 


20 


16,756 
17,115 


18,990 


50 


19,820 


19,140 


100 


17,235 


19,910 


19,180 


300 


17,315 




500 




19,940 


19,210 



M, T. C. 



19 



Digitized by Google 



290 



APPENDIX V. 



Heats of dilution of solutions of potassium 
and sodium hydroxides. 



fll + 3 



5 

7 
9 

20 
26 
50 
100 
200 



[K0H.3H«0,iiiH«0] 



1,496 
2,095 
2,364 
2,678 

2,738 
2,748 
2,761 



[NaOH.3HH),niH20] 



2,131 
2,889 
3,093 
3,283 
3,263 
3,113 
3,000 
2,940 



For a solution of ftmmonia, NH^+3*2H*0, the thermal values of 
dilution, up to 16, 26, and 60 formula- weights of water, amount to 
324, 360, and 380 respectively. 

Heats of dilution of solutions of salts. 
The numbers in the following tables give the development of heat 
on dilution of a solution of the salt containing n formula-w;eights of 
water by m formula-weights of water, and therefore correspond to the 
formula 

[Q.«H»0, mH»0], 
supposing Q to denote the formula-weight, or double the formula- 
weight, as the case may be, of the dissolved dehydrated salt. 
]jo denotes the heat of solution of the dehydrated salt for c formula- 
weights of water. 

titrates. 



+ 




o: 




0*0 

in 


I! 








6 




- 668 














10 




- 1,282 

















12 


















474 


15 










262 


934 


913 


744 


20 




- 2,492 







412 


1,294 


1,148 


940 


40 




- 3,578 















50 


- 2,262 




-1,263 




404 


1,528 


1,203 


904 


100 


- 3,288 


- 4,684 


-1,944 


-1,227 


364 


1,641 


1,111 


776 


200 


- 3,860 


- 5,018 


-2,366 


-1,984 


370 


1,573 


1,071 


729 


400 


- 4,192 


- 6,228 


-2,515 


-2,601 


421 


1,648 






1^400 


-10,060 


-12,640 


-4,620 


-7,610 


positiye 


positive 


positiTe 


positire 
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SulphcUea. 





NajSO^ 
n=50 




MgS04i 
n=20 


MnSO^ 
ns20 


ZnS04 
n=20 


OUSO4 
n=60 


20 
30 
50 
60 
100 
200 
400 
800 





- 253 

- 437 




+ 279 




+ 532 




+ 318 


— 


- 665 
-1,132 
- 1,383 
- 1,483 


- 632 

- 750 


+ 324 
+ 393 


+ 714 
+ 792 


+ 377 
+ 390 




+ 41 
+ 116 


1^400 


+ 460 


- 2,370 


+ 20,280 


+ 13,790 


+ 18,430 


+ 15,800 




Bisulphatea. 




Carbonates, 




n + m 


KHSO4 
n=20 


NaHSO^ 
n = 10 


NH4HSO4 
n=10 


K,00, 
« = 10 


Na^CO, 
n = 30 


NH4HCOJ 
n=40 


20 
50 
100 
200 
400 
800 


- 64 

- 30 
+ 108 
+ 382 
+ 766 


+ 436 
+ 520 
+ 558 
+ 702 
+ 969 
+ 1,189 


+ 486 
+ 594 
+ 788 
+ 1,048 
+ 1,366 


- 122 

- 406 

- 598 

- 749 


- 556 
-1,190 
-1,601 


-176 
-288 
-384 




- 3,800 


+ 1,190 


- 20 


+ 6,490 


+ 5,640 


negative 



Acetates, Ta/rtrate, 



n+m 


n=10 


2(NaC,H30a) 
n=20 


2(NH4.C2H302) 
w = 4 


n=50 


(NH4)aC4H40e 
n=21 


10 







1,088 






20 


1,580 





1,800 






30 










- 296 


50 


2,472 


664 


2,544 





- 648 


100 


2,786 


832 


2,988 


' 1,189 


- 1,014 


200 


2,998 


936 


3,250 


2,248 


- 1,242 


400 


3,144 




3,432 


3,134 


- 1,358 




+ 6,680 


+ 7,740 


positive 


positive 


negative 



* But see Fiokering, O. S. Journal, Trans, for 1880. 100. 

19—2 
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Chlorides. 







n=20 


n=10 


n=10 


n=5 


w=20 


GuCla 

71 = 10 


10 










1,849 






20 








1,639 


2,307 


3,152 





1,606 


30 








2,430 


60 




- 174 


2,225 


3,242 


5,317 


1,068 


3,308 


100 


-1,056 


- 242 


2,355 


3,526 


6,809 


1,380 


4,052 


200 


-1,310 


- 258 


2,515 


3,761 


7,632 


1,584 


4,510 


400 


-1,410 


- 258 






8,020 


1,697 




c 


-2,360 
200 


-7,760 
200 


+17,410 
300 


+35,920 
800 


+15,630 
300 


+19,170 
400 


+11,080 
600 



A solution of Na,I,+20H,O, on dOution up to 40, 100, and 200 
formula-weights of water, yields- 914, — 1,740, and - 2,058 thermal 
units respectively. 



Heats op hydration and solution op salts. 

The following table contains the heat of solution of the dehydrated 
salt, that of the hydrated salt, and the difference between these, 
which is the heat of hydration. Further, the last column shows the 
distribution of the heat of hydration among the different formula- 
weights of water taken up. Thus, with reference to MnSO^, the 
numbers given in the last column mean that of the total heat of 
hydration (13,750) 5,990 units are evolved on the addition of the first 
formula- weight of water, 1,600 on the addition of the second, 1,980 
on the addition of each of the third and fourth, and 2,200 on the 
addition of the last, formula- weight of water which combines with the 
salt. 

The values are valid for a temperature of about 18®C. The heat 
of hydration increases with the temperature ; thus for MgS0^7HgO 
the increase is 57 units for each increase of 1^0. 



Digitized by Google 



APPENDIX V. 293 





Heat of solution 


ecules 
1 up 




Formnla of 
the dehydrated 
salt 


of the de- 
hydrated 
salt 


of the 
hydrated 
salt 


Number of mol 
of water takei 


Heat of 
hydration 


NaPO, 

Na^HPO, 

Na.SO, 


11,850 
5,640 
460 


-11,670 
- 22,830 
- 18,760 


10 
10 


23,520 
28,470 
19,220 


Na.CO, 


0,0 4:U 


tat £i/\ 
- IDiloO 


10 


21,800l 


K,CO. 


Ct CkA(\ 

D,y4u 


OOA 


3 


6,870 


MgSO, 


20,280 


- 3,800 


7 


24,08o1 


MnSO^ 


13,790 


+ 40 


5 


13,75o| 


ZnSO, 


1 Q >< OA 




7 


22,690^ 




15,800 


- 2,750 


5 




OdSO^ 


10,740 


+ 2,660 


8 


8 080 


K>[g(SOJ. 


1 A /!AA 

10,oUU 


1 A AnA 

- 10,020 


6 


20,620i 
I 


K.Zn(SOJ, 


7,910 


-11,900 


6 


19,810{ 


K.Cu(SO,). 


9,400 


- 13,570 


6 


22,970 1 


K,Mn(SOJ, 


Z» O OA 

6,380 


- 6,430 


4 


12,810 


NaPtCl, 


8,540 


- 10,630 


6 


19,170| 


Sra, 


11,140 


- 7,500 


6 


18,640 1 


SrBr, 


16,110 


- 7,220 


6 


23,330| 


Baa, 
Caa, 


2,070 
17,410 


- 4,930 

- 4,340 


2 
6 


7,000 
21,750 


MgCl. 


35,920 


+ 2,950 


6 


32,970| 



Distribution of the heat 
of hydration among the 
different molecules 
of water 



10x2,352 

2x3,015 + 10x2,244 
1x2,360 + 9x1,878 
1x3,382 + 1x2,234 
+ 6x2,109 + 2x1,764 
|x4,420 + 1x4,660 
1x6,980 + 1x2,300 
+ 2x3,400 + 2x2,170 
+ 1 X 3,660 
1x5,990+1x1,600 
+ 2x1,980+1x2,200 
1x8,484 + 2x2,346 
+ 1x1,745 + 2x2,178 
+ 1x3,417 
1x6,460 + 2x3,250 
+ 1x2,180 + 1x3,410 
1x4,690 + 1x2,034 
2x4,930 + 2x2,950 
+ 2x2,430 
2x3,731 + 2x2,728 
+ 2x3,445 
2x5,303 + 2x2,993 
+ 2x3,186 
2x4,648 + 2x1,760 
2x4,320 + 2x2,540 
+ 2x2,725 
1x5,260 + 1x3,800 
+ 2x2,460 + 2x2,330 
1x6,150+1x3,800 
+ 3x3,120 + 1x4,120 
1x3,170 + 1x3,830 
7,440(2) + 14,310(4) 
20,940(3) + 2x4,370 
+ 1x3,290 
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Heats of solution of all the bodies investigated bt Thomsem^. 

The materials fall into four groups ; the first three of these relate 
to non-metals, and contain respectiyely, the heats of solution of 
gaseous bodies, the heats of solution of liquid bodies, and the heats of 
solution of solid compounds ; the fourth contains the heats of solution 
of the oxides, hydroxides or hjdrated oxides, and salts, of metals. 

The tables shew, first, the formula of the compound, and next the 
quantity of water in the liquid that results from the solution. The 
quantity of water used for dissolving a hjdrated salt is accordingly 
smaller, by the amount of water in the salt, than the quantity given 
in the table. When e.g. the table gives the heat of solution of 
Na^SO^. lOH^O in 400 formula-weights of water as equal to - 18,760, 
this value represents the heat of solution of one formula-weight of the 
salt, which contains 10 formula-weights of water, in 390 formula- 
weights of water. For hydrated salts the composition of which was 
checked analytically the number of formula-weights of water found 
is given in a special column. 

With the exception of the chlorine compounds of silicon, titanium, 
antimony, bismuth, and tellurium, all the bodies contained in the 
tables dissolve completely in water. The decomposition by water of 
the chlorides of the five elements just mentioned is partial 



Compounds of Non-MeUda. 
a. Gaseous bodies. 



Substance 
(gaseous) 



Formula 



Formula-weights 
of water in fiie 
solution 



Heat of solution 
for one formula- 
weight of the 



body 



Hydrochloric acid 
Hydrobromic acid 
Hydriodic acid 
Water vapour at 18° 
Sulphydric acid 
Ammonia 

Hypochlorous anhydride 
Nitrogen tetroxide 
Sulphur dioxide 
Carbon dioxide 
Carbon oxychloride 
Carbon oxysulphide 




HCl 
HBr 
HI 



900 
200 
800 
300 
250 
1,500 



300 
400 
500 



17,315 
19,940 
19,210 
10,430 
4,560 
8,430 
9,440 
7,755 
7,700 
5,880 
57,970 
6,750 
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b. Liquid bodies. 



Substance 
(liquid) 



Formula 



Formula-weights 
of water in the 
solution 



Heat of solution 
for one formula- 
weight of the 
body 



Bromine 

Sulphur dioxide (liquefied) 
Sulphur trioxide 
Pyrosulphuric acid 
Sulphuric acid 
Sulphuric acid hydrate 
Sulphuryl chloride 
Nitric acid 
Phosphoric acid 
Phosphorous acid 
Hypophosphorous acid 
Phosphorus trichloride 
Phosphorus oxychloride 
Arsenic trichloride 
Antimony pentachloride 
Silicou tetrachloride 
Titanic chloride 
Stannic chloride 

Formic acid 
Acetic acid 



Br. 
SO. 
SO. 
S.O,H, 

80,H,.H,0 

so.a. 

NO,H 

^' 

POC13 

ASC13 . 

SbCl„ 
SiCl, 
TiCl, 
SnCL 



600 
300 
1,600 
1,600 
1,600 
1,600 
800 
300 
120 
120 
200 
1,000 
1,100 
900 
1,100 
3,000 
1,600 
300 

200 
200 



1,080 
1,500 
39,170 
64,320 
17,850 
11,470 
62,900 
7,480 
5,210 
2,940 
2,140 
65,140 
72,190 
17,580 
35,200 
69,260 
57,870 
29,920 

150 
375 



c. Solid compounds of non-metals. 



Substance 
(soUd) 



Iodine pentoxide 
Iodic acid 
Periodic acid 
Phosphoric acid 
Phosphorous acid 
Hypophosphorous acid 
Phosphoric anhydride 
Arsenic pentoxide 
Arsenic acid 
Arsenious oxide 
Selenion dioxide 
Oxalic acid 



Formula 



1.0. 
10.H 

MO. 

AsO^H, 
As.O, 
SeO, 

C.O.H. 



Formula-weights 
of water in the 
solution 



Heat of solution 
for one formula- 
weight of the 
body 







1,790 


200 




2,170 


550 




1,380 


120 


+ 


2,690 


120 




130 


200 




170 


550 


+ 


35,600 




+ 


6,000 


230 




400 






7,550 


200 




920 


300 




2,260 
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Oxalic acid (cryst.) 
Boric add (czyst.) 
Phosphorus pentachloride 
Antimony trichloride 
Bismuth trichloride 
Selenion tetrachloride 
Tellurium tetrachloride 
Ammonium chloride 

„ bromide 

„ iodide 
~ nitrate 

„ sulphate 

„ bisulphate 
Hjdroxjlamine chloride 
„ sulphate 
Sulphur triethiodide 

Tartaric acid 
Citric acid 
Aconitic acid 



C0,H..2H0 
BO .3H.0 
PCL 
SbCl. 
Bid. 
SeCl, 
TeCL 
NHQ 
NH.Br 
NHJ 
NH,,NO, 
(NH,),SO, 
NH,.SO,H 
NH3O.HCI 
(NH36)HSO, 



630 
800 
1,800 



1,600 
1,200 
200 
200 
200 
200 
400 
200 
200 
660 
267 

400 
600 
400 
300 



- 8,590 

- 10,790 
+ 123,440 

8,910 
7,830 
30,370 
20,340 

- . 3,880 

- 4,380 

- 3,550 

- 6,320 

- 2,370 

20 

- 3,650 

960 

- 5,750 

- 3,600 

- 4,100 

- 6,430 

- 4,180 



Oxides, hydroxides, and salts, of the melcUs. 



Metals 



Formula 



Formula- 
weights of 
water in the 

solution 



Heat of solu- 
tion at about 
18» 0. 



Formula- 
weights of 
water ac- 
cording to 
analysis 



Potassium 



KCl 
KBr 
KI 
KON 
KOH 
KNO3 
KCIO3 
KBrO. 

K.CO3. 

KHS6, 

K.CrA 
K.MnA 



H,0 

H«0 



200 
200 
200 
175 
250 
200 
400 
200 
500 
400 
400 
400 
400 
200 
500 
500 
500 
400 
1,000 
800 
200 



- 4,440 

- 5,080 

- 5,110 

- 3,010 
+ 13,290 
~ 8,520 
- 10,040 

- 9,760 

- 6,780 
+ 6,490 
+ 4,280 

- 380 

- 6,380 

- 3,800 
- 13,010 
- 12,460 
- 13,150 
- 16,700 

- 20,780 

- 7,410 
+ 3,340 



0- 507 

1- 550 
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NaCl 
NaBr 

NaBr.2H,0 
Nal 

NaI.2H,0 

NaOH 

NaN03 

Na,C03 

Na.C03.H.O 

Na,C03.2H,0 

Na,CO3.10H,O 

NaSO. 



Sodium Na,SO,.H,0 

Na,SO,.10H,O 
NaHSO, 

Na.S.O. 
Na^S'(3':.2H,0 
NaX0:.5H,0 
Na^HPO. 
Na^P0,.2H,0 
Na,HP0^.12H,0 
Na,]SrH^P0,.4H,0 
Na,P,0, 
Na,P,O„.10H,O 
Na,Bp..lOH,0 
NaC,H;0,.3H,0 
NaC,H,0, 

LiCl 
LiN03 
Li,SO, 
Li,SO,.H,0 

BaCl, 

BaCl,.2H^0 
BaBr, 

BaBr..2H,0 
BaI,.7H,0 
BaO 
BaO^H, 
Barium -J BaO^H, . 8H,0 
BaN,0, 
BaCl,0,.H,0 
BaS,0,.2H,0 
BaSb; " 
Ba(POH),.H,0 
Ba(C,ll,.S0J,.2H,0 
Ba<C.H30,)..3H.O 



Lithium 



100 


- 1,180 


200 


_ 'i90 


300 


- 4,710 


200 


+ 1 220 


300 


_ 4 010 


200 


+ 9^940 


200 


- 5,030 


A AA 

400 


+ 0,640 


400 


+ 2 250 


400 


+ 20 


400 


- 16 160 


400 


+ 460 


400 


+ 170 i 


400 


- 1,900 


400 


- 18 760 


200 


+ 1 190 


400 


- 5,370 


400 


- 11,650 


400 


- 11,370 


400 


+ 5,640 


400 


- 390 


400 


- 22,830 


800 


- 10,750 


800 


+ 11,850 


800 


-11,670 


1,600 


- 25,860 


4.00 




200 


+ 3,870 


230 


+ 8,440 


100 


+ 300 


200 


+ 6,050 


400 


+ 3,410 


400 


+ 2 070 


400 


- 4*930 


400 


+ 4^,980 


400 


_ 4 


500 


- 6,850 




+ 34 520 




+ 12 260 


400 


- 15,210 


400 


- 9^400 


600 


-11,240 


400 


- 6,930 




- 5,580 


800 


+ 290 


800 


- 4,970 


800 


- 1,150 



Melted after ex- 
posure to the 
atmosphere 

10-00 

009 
213 



12-09 



10-27 



MO 



2-00 
717 



7-98 
2 00 
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Strontinm 


SrCl, 

SrCl,.6H,0 
SrBr, 

SrBr.6H,0 

SrO 

SrO.H. 

SrO,H,.8H.O 

SrN.O, 

SrN,0,.4H,0 

SrS,0..4H,0 


400 
400 
400 
400 

400 
400 
400 


1 1 1 1 + + 1 + 1 + 


11,140 

7,500 
16,110 

7,220 
29,340 
11,640 
14,640 

4,620 
12,300 

9,250 


6-00 

6- 18 

7- 95 

4-02 
4-16 


Calcium 


Caa, 

Caa..6H.O 
CaBr, 

CaBr..6H.O 

Cal. 

CaO 

CaO,H 

CaN.O. 

CaN.O.. 4H,0 

CaS.0..4H.O 

CaSO^ 

CaS0,.2H,0 


300 
400 
400 
400 
400 
2,500 
2,500 
400 
400 
400 


+ 

+ 
+ 
+ 

+ 


17,410 
4,340 
24,510 
10,190 
27,690 
18,330 
2,790 
3,950 
7,250 
7,970 
4,440 
300 


6-07 
6 07 

4-20 
414 


Magnesium 


Mga. 

MgCl,.6H,0 

Mg0.1I. 

MgN.0..6H,0 

MgS,0,.6H,0 

MgSO, 

MgSO^. H,0 

MgS0^.7H,0 

K.Mg(S0,),.6H,0 

K,Mg(SO^), 


800 
400 

400 
400 
400 
400 
400 
600 
600 


+ 
+ 

+ 

+ 


35,920 
2,950 


4,220 
2,960 
20,280 
13,300 
3,800 
10,020 
10,600 


611 

6 06 
6-22 

6-20 


Beryllium 


BeSO^. 6H,0 


600 


f 


1,550 


6-00 


Aluminium | 


A1.C1. 

K,Al,(SO,),.24H.O 


2,500 
2,400 


+ 153,690 
- 20,240 




Cerium 

Yttrium 

Didymium 

Lanthanum 

Erbium 


Ce ^SO ^ 4-4H O 
Y.(SO,)3.8H.O 
Di (SO ) . 8H.0 
La,(SO,)3.8H.O 
Er,(C.H30.),.8H,0 


1,200 
1,200 

3,000 


+ 
+ 
+ 
+ 


16,130 
10,680 
6,320 
4,000? 
1,360 


8-04 
8-82 
8-9 


Chromium j 


K.Cr.(SOJ,.24H.O 
K.Cr,0, 


1,600 
400 




22,300 
16,700 
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ZnCl, 
ZnBr. 
ZnL 

ZiiNO,.6HO 

ZnS.O^. 6H,0 

ZnSb; ' 

ZnSO,.HO 

ZnS0,.7H,0 

K.Zn(S0A 

K,Zn(S0J,.6H,0 

CdCL 

CdCL.2H0 
CdBr 

CdBr,.4H,0 

Cdl. 

CdSO, 

CdSO^.HO 

CdSO^.fAo 

CdN,0,.HO 

OdN,0,.4H,0 

MnCL 

MnCl,.4H,0 

MnSO, 

MnSO,.H,0 

MnS0,.5HO 

MiiS,0,.6II.O 

MnNO.6H.0 

K.Mn.03 

K,Mn(SOJ, 

K.Mn(S0J,.4H,0 

Fed, 

FeCl .4HO 
Fed. 

FeS0,.7H,0 
CoCl, 

CoCl,.6HO 

CoSO,.7H,0 

CoN,0,.6H,0 

NiOl, 

Ni01,.6H,0 
NiS0,.7H,0 
NiS,0,.6HO 
NiN„0..6H.O 



300 
400 
400 
400 
400 
400 
400 
400 
600 
600 

400 
400 
400 
600 
400 
400 
400 
400 
400 
400 

360 
400 
400 
400 
400 
400 
400 
1,000 
600 
600 

350 
400 
2,000 
400 

400 
400 
800 
400 

400 
400 
800 
400 
400 



+ 16,630 
+ 16,030 
+ 11,310 

- 6,840 

- 2,420 
+ 18,430 
+ 9,950 

- 4,260 
+ 7,910 
-11,900 



+ 3,010 

+ 760 

+ 440 

- 7,290 

- 960 
+ 10,740 
+ 6,050 
+ 2,660 
+ 4,180 

- 6,040 



+ 16,010 
+ 15,040 
+ 13,790 
+ 7,820 
+ 40 

- 1,930 

- 6,150 

- 20,790 
+ 6,380 

- 6,435 

+ 17,900 
+ 2,750 
+ 63,360 

- 4,510 

+ 18,340 

- 2,850 

- 3,570 

- 4,960 

+ 19,170 

- 1,160 

- 4,250 

- 2,420 

- 7,470 
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Copper 


CuCl, 

CuCL.2H,0 

CuBr 

CuSO, 

UuoO . U O 

CaSO,.5H.O 

K.Cu{SOJ. 

K,Cu(S0J,.6H0 

CuS.0,.5H,0 

CuN,0,.6H.O 


600 
400 
400 
400 

A AA 

400 
400 
600 
600 
400 
400 


+ 11,080 
+ 4,210 
+ 8,250 
+ 15,800 
+ 9,320 

- 2,750 
f 9,400 
- 13,570 

- 4,870 
- 10,710 


617 

5- 00 

6- 01 


Thallium 


Tl.O 
TIOH. 

T1,S6 
TINA 


9,000 
570 
470 

1,600 
600 


- 20,200 

- 3,080 

- 6,310 

- 8,280 
- 19,940 




Lead 


Pbca, 

PbBr. 

PbN.O. 

PbS,0,.4H,0 

Pb((5.H.O.)..3H.O 


1,800 
2,500 
400 
400 
800 


- 6,800 
- 10,040 

- 7,610 

- 8,540 

- 6,140 


4-14 


Tin 


SnCl, 

SnCl,.2H,0 
SuCLK..H.O 
SnCl, 
8nCl,K, 


300 
200 
600 
300 

QAA 


+ 350 

- 5,370 
- 13,420 
+ 29,920 

Q QQA 

— o,ooU 




Mercury 


HgCl. 

Hga,K,.H.O 
HgBr.K, 


300 
600 
ooU 
800 


- 3,360 

- 16,390 

A TKA 

- 9,750 

- 9,810 




Silver •! 


AgAO^ 
AgA0,.2H,0 


400 
1,400 
400 


- 10,880 

- 4,480 
- 10,360 


2-38 


Gold 


AUCI3 

AuCL.2H.O 

AuCl,H.4H,0 

AuBr3 

AuBr^H.5H,0 


900 
600 
400 
2,000 
1,000 


+ 4,450 

- 1,690 

- 5,830 

- 3,760 
-11,400 


2-10 

4- 10 

5- 28 


Palladium | 


PdCLK. 
PdCl,K, 


800 


- 13,630 
- 15,0001 
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Platinum 



PtCl^K, 

Pt01,(rfHJ. 

PtCl,K, 

PtCl,Na, 

PtCl,Na_.6HO 

PtBrK 

PtBr.K, 

PtBr^Na, 

PtBr,Na,.6H.O 

Pt(NH3),Cl..ft,0 



600 
660 

800 
900 
800 
2,000 
600 
800 
400 



-12,220 

- 8,480 
- 13,760 
+ 8,540 
- 10,630 
- 10,630 
- 12,260 
+ 9,990 

- 8,550 

- 8,760 



5-98 



6 05 



II. Valitea determined by variom observers. 
Heat op solution op htdrofluobig acid*. 



Beaction 


Thermal 
value 


HF, 400H»O] 
■HF5H'0, 400H"0] 
■HF1'67H»0, 400H*01 
'HF2-25H*0, 400H*OJ 
'HF6-5H^0, 400H'0] 


4,560 
2,050 
720 
450 
100 



Heats op solution and hydration op cyanides'. (Temp. 



Beaction 


Thermal 
value 


Remarks 


NaCN, lOOH'O] 
N*aCN2H*0, lOOH'O] 
'NaCN^H'O, lOOH'O] 
■Ba(CN),, 200ffO] 
'Ba(CN),H»0, 200H'O] 
'Ba(CN),2H»0, 200H'O] 
■Hg(CN)„ Aql 
NaCN, 2H'0 
NaCN, IWO' 
■Ba(ON)„ H»0] 
'Ba(CN)„ 2H»0] 


- 500 

- 4,410 
-1,010 

1,780 
2,100 

- 5,760 

- 3,000» 
3,910 

510 
3,880 
6,140 


Solution of cyanides and 
hydrated cyanides. 

Formation of hydrates by 
action of liquid water. 



1 Gontz, BvU. Soc. Chim, (2). 40. 54. 
* Joannis, CompU rend, 92. 1338—1341. 
8 Berthelot, Compt, rend, 77. 388. 
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Heats of solution of 8ULPhides\ (Temp. 15" — 17*). 



Salt 


Quantity of water 


Heat of Bolation 


Na'S 


130—140 parts 


15,000 


Na«S6H"0 


60—120 „ 


- 6,600 


Na'S9H"0 


60—105 „ 


- 16,720 


Na"SH'S 


104-830 „ 


8,800 


Na«SH'S4H"0 


60 — 100 „ 


- 3,060 


K«SH"0 


230 „ 


3,800 


K"S5H»0 


75— 90 „ 


- 5,200 


K'SffS 


40_400 „ 


1.540 


K'SH»SH«0 


45_240 „ 


1,340 


NH*S" 


150 „ 


- 4,100 




BeaoUon 








CaS, Aq] 




6,100 




SrS, AqJ 




6,800 
7,000 




BaS, Aq] 





Heats of solution and htdbation of chromic acid and 
chromates'. 



Beaotion 


Thermal 
value 


Bemarkfl 


[CrO», H»0] 
'CrO*ff, H'O] 
QH'O, H'Ol 
'Q2H'0, ffOl 
'Q3ffO, H»Ot 
'Q4H*0, H*0' 
'Q5H"0, H'O" 
■Q5H"0, 25ffO] 
;Q30H'0, 25H'0] 


580 
340 
260 
135 
171 
80 
35 
500 
210 


Heat of formation of liquid HgCrO^. 

Addition of definite quantities of 
water to solutions of HjCr^O^ of 
specified composition as regards 
quantities of H^CrO^ and H^O ; 

Q = H,CrO,. 


[Na"CrO*, 4H"0] 
[Na'CrO*, lOH'O] 


9,800 
18,000 


1 Formation of hydrates by action of 
J liquid water. 



1 Sabatier, CampU rend, 89. 43 : 91. 52. Ann, Chim, Phys, (5). 22. 98. 
> Morges, Compt, rend, 86. 1444 Berthelot, Compt, rend, 87. 674. 
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Heats of solution and hydration of pbrohloric acid and 
PKBCHLORATBS*. (Temp. 19"— 20"). 



Beaction 



Thermal yalae 



Bemarks 



[HCIO*, Aq] 
[HC10*H'0, Aq] 



HC10*H«0, Aq] 
HC10*2H»0, Aq] 
KCIO*, Aq] 
'NaClO*, Aq] 
■Ba*C10*, Aq] 
*'NH*C10*, Aq] 
HCIO*, H«0] 



[HCIO*, H*0] 
[HC10*H'0, H"0] 



20,300 
7,700 

abont 11,700 
5,300 
- 12,100 

- 3,500 

- 900 

- 6,300 
12,600 



7,400 



6,400 



Solution of liquid HCIO^. 
Solution of crystallised 

HCIOHO. 
Solution of liquid HQC H O. 

„ HC10,2H,0. 

I Solution of various solid per- 
I chlorates. 

Formationof solid HClO^H^jO 
from liquid HCIO and liquid 
H.O. 

Formation of liquid HCIO^ 
H.O from liquid HCIO, 
and liquid H^O. 

Formation of liquid HCIO, 
2HgO from liquid con- 
stituents. 



Heats op solution op alums*. (One formula- weight in about 
1000 formula-weights of water). 



Salt 


Heat of solution 


at 8«— 110 


at 190—210 


K*A1*4S0*24H*0 
" (NH*).A1*4S0*24H*0 
K*Cr'4SO*24H«0 
(NH*),Cr»4SO*24H»0 
K"Fe"4SO*24H'0 
(NH*),Fe'4SO*24H*0 


- 19,600 

- 19,160 
- 19,300 
- 19,250 

- 32,030 
-33,140 


- 19,760 
- 19,260 

- 19,000 
- 19,780 

- 36,120 



1 Berthelot, Compt, rend. 98. 241. 

3 Favre and Yalson, Compt. rend. 74. 1019. 
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HSATB OF SOLUTION OF SOME DOUBLE SALTS, AND OF THE COHf- 
BTITUENT8 OF THESE SALTS*. 



Salt 


Heat of 
Bolation 


Sum of 
(l)and(2) 


Doable salt 


Heat of 
solntion 
=B. 


Diffe- 
rence 
B-A 


K"SO* 
CuS0*5H«0 
(NH*),SO* 
CuS0*5H'0 

CuCl'2H'0 


-6,340\ 

-2,430 

-1,940) 

-2,430j 

-9,150) 

+4,650/ 


-8,770 
-4,370 
-4,500 


K'S0*CuS0*6H*0 
(NH*),S0*CuS0*6H»0 
K'a»CuClWO 


-14,360 
-11,240 
- 6,980 


-5,590 
- 6,870 
-2,480 



Heats of solution of butyrates* and succinates®. 



Beaction 



Thermal 
value 



Bemarks 



[C^H^NaO", Aq] 

[C*H^aO", Aq] 

[C*ffNaO«iH»0, Aq] 

[C*H'NaO«3H'0, Aq] 

C*ff NaO», JH'O] 
. C^H^NaO'^H'O, |H'0] 
■C*H^NaO^ 3ffO] 
'■C*H*]Sa"0*, Aq] 
C*H*Na*0*6H»0, Aq] 
C*H*K'0*, Aq] 
C*H*K«0*irO, Aq] 
'C"H*KHO*H»0, Aq] 
;C*H*(NH^)HO*, Aq] 

[C*HWO*, 6H'0] 



4,270 

4,210 

3,660 

3,440 

580 
220 
800 
8,400 
11,000 
200 

- 3,400 

- 7,600 
. 4,900 

19,400 
3,600 



Solution of sodium butjrate 

dried at 100°. 
Solution of sodium butyrate 

dried in vacuo. 
Solution of hydrated sodium 
. butyrate. 

Solution of hydrated sodium 

butyrate. 
Formation of various hy- 
- drates of sodium butyrate, 
by action of liquid water. 

Solution of sodium and 
potassium succinates. 
(Temp. 8" -ir). 



1^ Formation of hydrates of 
I sodium and potassium 
1 succinates by action of 
[ liquid water. 



1 Favre and Valson, loc. cit, 78. 1160. 
3 Berthelot, Compt, rend, 80. 512. 
s Chronstchoff, Compt, rend, 89. 579. 
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Heats of solution of amines ^ 



Beaotion 


Thermal 
yalne 


Remarks 


[NH'(C'H»), Aq] 
[N(OH% Aq] 


12,910 
12,900 


Solution of ethylamine in 
about 400 H,0 at 19^ 

Solution of trimethylamine 
in about 270 H,0 at 20^ 



1 Berthelot, Compt. rend. 91. 141. 



M. T. C. 
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The fiffuret refer to pages, 

Beferences are given to data for individaal compounds only when these data 
are used to illustrate a principle. Farther data will be found in the yarious 
appendices. 



Abnormal vapour densities, 140 
Acetic acid, heat of solution and dilu- 
tion of, 161—4 
, , vapour density of, 141, 144 
„ vapour of, probably con- 
tains molecular groups, 
145 

Acids, basicity of, determined by ther- 
mal methods, 75—6 
,, dibasic and tribasic, classified 

thermally, 76—8 
,, thermal study of actio# of 
metals on, 104 — 7 
thermal study of neutralisation 
of, 74 et 8eq» 
Affinity, considered as an action be- 
tween atoms, 191 — 3 
„ considered as the resultant of 
the actions of many forces, 
200—2 

„ thermally considered with 
meaning given by Guldberg 
and Waage, 193—200 
Allotropy, 62—3 

, , thermal data bearing on, 64 
Ammonia, heat of solution and dilution 
of, 164 

Ammonium chloride, dissociation of, 
123, 124 

Amylic bromide and iodide, dissocia- 
tion of, 122 
Anisol, vapour density of, 141 
Arsenious add, neutralisation of, ther- 
mally considered, 79—80 
Atomic and molecular compounds, 145 
Atomic weight, definition of, 18 

„ „ of oxygen, data for 
finding, 19 
Atomic weights of elements, connec- 
tions between, and 



heats of formation 
of haloid salts, 96 
Atomic weights of elements, connec- 
tions between, and 
heats of solution of 
salts, 151—2 
,, ,, of elements, connec> 
tions between, and 
thermal values of 
comparable reac- 
tions of salts of 
these elements, 96- 
98 

,, „ of elements, deter- 
mination of, 18— 22 
Atomicity of elementary molecules, 20 
Atoms, 16 

Availability of energy, 11 

,, ,, connections be- 

tween, and 
chemical ac- 
tion, 180—2 

Avidities, relative, of acids, Thomson's 

measurements of, 90 — ^95, 196 
AvooADBo, his law, 15 

Bases, thermal study of neutralisation 

of, 74, 86—89 
Basicity of acids determined by ther- 
mal methods, 75 — 6 
Bebthelot, his law of maximum work, 
174 et seq, 
„ unit of heat adopted by, 26 
Boiling point defined, 109 

„ of mixture of two im- 
miscible liquids, 116 
„ of mixture of two misci- 
ble and mutually che- 
mically inactive li- 
quids, 116 



Digitized by Google 



INDEX. 



307 



Soiling point of mixture of two misoi- 
ble and mntnally che- 
mically active liquids, 
117 

Boiling points; connection between, 
and chemical composition, 117 — 20 

Bond, use of term, 67—8, 72 

Bonds of carbon atom, attempt to 
measure dynamic value of, 64 — 72 

BoTLB, law of, 14 

Bromine, mutual action of sulphu- 
retted hydrogen and, con- 
sidered thermally, 187 — 9 
„ vapour density of, 143 

Butyric acid, vapour density of, 141 

Calcium carbonate, dissociation of, 136 
Calorimeter, water-equivalent of a, 44 
Calorimeters, descriptions of, 26—43 
Calorimetric equivalent of a solution, 49 
Calojimetrical calculations, 43 — 5 
Calorimetry, units adopted in, 25 
Cabnelley, his work on connections 

between heats of formation of salts 

and atomic weights of elements, 96 
Changing system, use of expression, 4 
Chemical and physical changes, 23 
Chemical change, connections between, 

and degradation of energy, 178, 

180—2 

Chemical composition, connections be- 
tween, and 
boiling points, 
117—120 
,, „ connections be- 

tween, and 
meltingpoints, 
112—3 

,, „ connotation of 

expression,173 
Chemical interpretation of thermal 

data, 172 et seq. 
Chemical reactions, accompanied by 
physical changes, 
13, 23 etc. 
,, „ composed of 'two 

parts, 12 
,, ,, considered from 
thermal point of 
view, 47, 99 
,, „ investigated by 
thermal me- 
thods, 12, 48—62 
Chemical stability, 177 — 8 
Chemistry, sphere of, 1, 189 

,, thermal, sphere of, 1 
Chlorine, vapour density of, 143 
Classification of dibasic and tribasic 
acids founded on ther- 
mal data, 76 — 9 
Classification of elements and com- 



pounds studied ther- 
mally, 95 et seq. 
Combining weights, 3 
Combining and molecular weights, 17 
Combustion, heat of, defined, 52 
Compound, defined, 2 
Compounds, composition of, 2 

„ molecular weights of, 16, 
17—18 

Compounds and elements, 2 
Configuration of a system, 4 
Conservation of energy, 4, 9 

,, of mass, 2 
Constitution, water of, 170 
Copper sulphate, dissociation of, 135 
Crystallisation, water of, 170 

Data relating to dissociation, 267 et seq, 
,, „ to heats of combustion 
and formation, 205 et 
seq. 

„ „ to heats of combustion 
and formation of iso- 
merides, 250 — 53 

„ „ to heats of dilution, 288 
et seq. 

,, „ to heats of hydration, 
292—305 

,, „ to heats of neutralisa- 
tion, 254 et seq. 
„ to heats of solution, 288 
et seq. 

I^pBBRAT, his work on dissociation of 
calcium carbonate, 136 

Decomposition contrasted with disso- 
ciation, 137—8 

Decomposition-temperature, defined, 
125 

Degradation of energy, 12 

„ „ connections be- 

tween, and che- 
mical changes, 
178 

Dehydrated salts, heats of solution o^ 
149 

Dilution, heat of, defined, 148 

„ „ of ammonia, potash 

and soda, 164 
„ „ of acetic acid, 161 — 4 
„ ,, of formic and tar- 
taric acids, 164 
„ „ of hydrochloric acid, 

159—60 
„ ,, of nitric acid, 158 
„ „ of sulphuric acid, 
155—7 

„ „ of various classes of 

salts, 164—71 
„ heats of, Thomsen's explana- 
tion of, 167 
Dissociation, 120 et seq. 
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DiflsodAtion, analogy between course 
of, and Tariationa of 
▼apoor densities of 
gaaes, 143 
„ application of conception 
of entrony to, 128—30 

conditioned by pressure 
and. temperature, 126, 
140 etc. 

conditions under which 
equilibrium is reached 
by systems undergoing, 
128—30, 137, 140 etc. 
„ contrasted with decom- 
position, 137—8 
„ equilibrimn-pressnre 

reached in processes of, 
127, 134, 138—9 etc. 

formula for finding 
amount of, from obser- 
vations of vapour den- 
sity, 123 

in solution, use of ex- 
pression, 148 

liEMoncE's work on, 138- 
40 

„ of ammonium chloride, 
123, 124 
of amylic bromide and 
iodide, 122 
, , of calcium carbonate, 136 

of copper sulphate, 135 
„ of double salts of silver 
chloride and ammonia, 
133—4 

„ of elementary molecules, 
146—7 

, , of hydriodic acid, 138 — ^9 
of iodine, 146 
of nitrogen tetroxide, 

121, 126 
of phosphorus penta- 
chloride, 124, 126 
„ of sodium phosphate, 
136—6 

„ of solid compounds, 

133—7 
,, of sulphur, 146 
„ outstanding features of, 
121 
rate of, 126 
„ regarded from point of 
view of molecular 
theory, 130—1 
„ regarded from point of 
view of vortex atom 
theory, 132—3 
„ typical cases of, 121 — 2 
DuLONO and Petit, law of, 20—1 
* Dynamic value of each carbon bond,* 
attempt to measure, 67 — 72 



Element, defined, 2 

Elements and compounds, 2 
„ atomic heats of, 20 — 1 
,, atomic weights of, defini- 
tion, 18 

„ attempts to classify by study 
of thennal actions, 95 et 
seq. 

„ molecular weights of, 16, 

17—18 
„ S3rmbols of, 3 
Elementary molecules, atomicity of, 20 
„ „ dissociation of, 

146—7 

Energy, changes of, dependent only on 
initial and final states of a 
system, 10 
„ conservation of, 4, 9 

definition of, 4 
„ degradation of, 12 
„ degradation of, connections 
between, and chemical ac- 
tions, 178 
„ free and bound, 180 
,, higher and lower forms of, 11 
,, higher and lower forms of, 
connections between, and 
chemical action, 180 — 2 
„ kinetic and potential, 7 

of a material system depend- 
ent on state of that system, 
10 

„ transformations of, form a 
part of all chemical changes, 
12 

Entropy, 127 

„ application of conception of, 
to study of chemical equi- 
librium, 128—30 
Equilibrium-pressure, defined, 127 
„ „ examples of, 134, 

136,138— 9etc. 
„ ,) of dissociating 

systems, 128 — 
30, 134, 137 etc. 
Equivalent, calorimetric, of a solution, 
49 

Ether, vapour density of, 142 
Evaporation, rate of, connection be- 
tween, and molecular weights, 120 

Force, 4 

„ measurement of, 6, 6 
Forces, direction of application of, 9 . 
Formation, heats of, defined, 62 

heats of, illustrations of 
methods of calculating, 
63—60 

Formic acid, heat of solution and 
^lution of, 164 
„ „ vapour density of, 142 
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Formula for calculating amotmt of dis- 
sociation from observations 
of yapoitr densities, 123 
„ for oalcalating amomit of 
dissociation, given by 
Gibbs, 130 
, , for calculating thermal value 
of a reaction at one tem- 
perature when value at 
> another temperature is 
known, 49 — 60 
, , for calculating thermal value 
of a reaction from experi- 
mental data, 45 
Fused salts, heats of solution of, 111 
Fusion, heat of, defined, 110 

GiBBS, his work on the equilibrium of 

dissociating systems, 128 — 30 
6k>ii]>8TEiN, his work on boiling points 

of homologous paraffins, 118 
GuLDBBBo and Waaob, their theory of 

affinity thermally considered, 193 — 

200 

Heat, a form of energy, 10 

„ action of, onhydratedmagnesium 

oxide, 138 
„ ,, ,,. mercuric oxide, 138 
„ atomic, of solid elements, 20 — 1 
„ availability of, 11, 12 
„ mechanical equivalent of, 11 
„ measurement of, 26, 26, 43 — 6 
„ measurement of, instruments 

employed in, 26 — 43 
„ not a material substance, 10 
„ specific, defined, 43 
„ ,, of saline solutions, 44 
„ of combustion, defined, 62 
,, of dilution, defined, 148 
„ „ Thomsen's explana- 

tion of, 167 
„ of formation, defined, 62 
„ „ illustrations of 

method of find- 
ing, 63—60 
„ „ of hydrobromio 

acid, calculation 
of, 68 

„ of methane, calcu- 
lation of, 63 

„ „ of nitrous and 

nitric oxides, cal- 
culation of, 66 

„ „ of oxalic acid, cal- 

culation of, 66 

„ „ of sulphuric acid, 

calculation of, 66 

„ of hydration, defined, 148, 162 

„ of liquefaction or fusion, defined, 
110 



Heat of neutralisation, defined, 74 
„ „ classification of 

acids and bases 
founded on va- 
lues of, 74 — 
76, 86—9 
, , of solution, defined, 148 
„ of solution and dilution of acetic 

acid, 161—4 
„ of solution and dilution of am- 
monia potash and soda, 164 
„ of solution and dilution of formic 

and tartaric acids, 164 
, , of solution and dilution of hydro- 
chloric acid, 169—60 
,, of solution and dilution of nitric 
acid, 168 

„ of solution and dilution of sul- 
phuric acid, 166—7 
„ of solution and dilution of various 

classes of salts, 164 — 71 
, , of vaporisation, defined, 114 
,, ,, molecular ex- 

planation of, 
114—6 

Heats of formation of chlorides, con- 
nections between, and atomic 
weights of elements, 96 — 6 

„ of formation of corresponding 
oxides and chlorides, differ- 
ences between, 100 — 1 

„ of hydration of various classes 
of salts, 162—3 

„ of neutralisation of baryta and 
strontia compared with those 
of alkalis, 86—8 

,, of neutralisation of bases of 
magnesia group, 88 — 9 
of precipitation of barium and 
strontium sulphates, 87 — 8 

,, of solution, differences between 
values for analogous salts, 
160—1 

,, of solution of salts (hydrated 
and dehydrated), 149—60 

„ of solution of salts, connections 
between, and atomic weights 
of elements in the salts, 161 
—2 

Helmholtz, his conception of free 

and bound energy, 180 — 1 
Hydrated salts, heats of solution of, 149 
Hydrates, are they formed on solution 

and dilution of salts ? 166 et seq. 
Hydration, heat of, defined, 148, 162 
,, heats of, of various groups 
of salts, 162—6 
Hydriodic acid, dissociation of, 138 — 9 
Hydrochloric acid, heat of solution 
and dilution of, 
169—60 
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Hjrdroohlorie add and hydriodio 
aeid, action of 
each on mer- 
ooric oxide, con- 
sidered ther- 
maUy, 186— 7 
Hydrogen, molecole of, is Atomic, 16 
„ the standard of reference 
for molecular and atomic 
weights, 16 

Iodine, dissociation of, 146 

„ mutual action of, and solpha- 
retted hydrogen, considered 
thermally, 187—9 
Isomerides, attempt to classify ther- 
mally, 73 
Isomerism, 62—3 

„ in light of thermal data, 
64—73 
Isomorphism, 21 

JouLB, his equivalent, 11 

Kinetic energy, 7 

Latent heat of a solid, defined, 110 
Laurie, his work on connection be- 
tween atomic weights and heats of 

formation of haloid salts, 96 
Law of Avogadro, 15 

„ Boyle, 14 

„ Dulong and Petit, 20—1 

„ isomorphism, 21 

„ maximum work, 174 et seq. 

„ maximnm work applied in a 
general way to special chemi- 
cal changes, 183 — 9 
Lehoinb, his work on dissociation of 

hydriodio acid, 138 — 40 
Liquefaction, heat of, defined, 110 

Mass, conservation of, 2 
Matter has a grained structure, 13 
„ transformations of, form a 
part of every chemical 
change, 12 
Maximum work, the law of, 174 et seq. 
„ ,, the law of, applied in 
a general way to 
special chemicid 
changes, 183—9 
Measurement of forces, 5, 6 
Melting, 110—3 
Melting point, defined, 108 
Melting points of salts, connections 
between, and chemical composition, 
112—3 

Metals, precipitation of, as sulphides 
by H3S, considered thermal- 
ly, 183—6 



Metals, thermal study of action oft 
on acids, 104 — 7 
„ thermal study of action of, 
on water, 101 — 3 
Molecule, defined, 14 

„ of hydrogen is diatomic, 16 
Molecules, elementaiy, atomicity of, 
20 

parts of, 16, 24 
, , probable existence of groups 

of, in liquids, 116 
, , probable existence of groups 

of^ in vapour of acetic 

acid, 146 

Molecular and atomic compounds, 145 
„ explanation of dissociation, 
130—3 

„ explanation of vaporisation, 
114^ 

„ group, use of term, 145 
„ tiieory of structure of mat- 
ter, 13 

„ weights, connection be- 
tween, and boiling points 
of liquid compounds, 
117—20 

„ -weights, connection be- 
tween, and rate of evapo- 
ration of compounds, 120 

„ weights of gases determined, 
16, 17—8 

„ weights of gaseous elements, 
table of, 17 

Naumann, his work on boiling points 
of carbon compounds, 
119, 120 

„ his work on vapour density 
of acetic acid, 144 
Neutralisation, 73 et seq, 

u heat of, defined, 74 

„ of acids, classification 

founded on thermal 
values of, 74—6 
„ of bases, classification 

founded on thermal 
values of, 75, 86 — 9 
NicoL, his work on solution, 167 — 70 
Nitric acid, heat of solution and dilu- 
tion of, 158 
Nitrogen tetroxide, dissociation of, 
121, 126 

Notation used in thermal chemistry, 
45—7,48 

OsTWALD, his work on affinities of 
acids, 195—6 
„ his work on heats of solu- 
tion of fused salts, 111 
Oxygen, atomic weight of, determined, 
19 
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PiBBiL, his work on dissociation of 
ammonium chloride, 124 

Periodic acid, thermal study of; 85 

Ptaukdleb, his view regarding disso- 
ciation, 130—1 

Phosphorus pentaohloride, dissocia- 
tion of, 124, 125 

Physical changes accompany chemical 
changes, 13, 23, 172 

Potash, heat of solution and dilution 
of, 164 

Potential energy, 7, 8 

Propyl formate, vapour density of, 143 

ScHALL, his work on connection be- 
tween rate of evaporation and mo- 
lecular weights of liquid compounds, 
120 

ScHoop, his work on vapour densities 

of ethereal salts, 143 
Silicic acid, thermal study of, 81 
Silver chloride and ammonia, double 

salts of, dissociation of, 133 — 4 
Soda, heat of solution and dilution of, 

164 

Sodium phosphate, dissociation of, 

135—6 
Solution, 147 et seq. 

„ heat of, defined, 148 
„ heats of, differences between 
values of, for analogous 
salts, 150—1 
„ heats of, of fused salts, 111 
„ heats of, of salts, connec- 
tions between, and atomic 
weights of elements in 
salts, 151—2 
„ theories of, 167 — 71 
Solution and dilution, heats of, of acetic 
acid, 161—4 
„ „ heats of, of am- 

monia potash 
and soda, 164 
„ „ heats of , of formic 

and tartaric 
acids, 164 
„ heats of, of hydro- 

chloric acid, 
159—60 

„ „ heats of, of nitric 

acid, 158 

„ „ heats of, of sul- 

phuric acid, 
156—7 

,, „ heats of, of va- 

rious classes of 
salts, 164—71 
Specific heat, defined, 43 

„ heats of saline solutions, 44 
State of a system conditioned by several 
variables, 10 



Structure of matter, molecular theory 
of, 13 

Sulphur vapour, dissociation of, 146 
Sulphuretted hydrogen, action of, on 
metallic chlorides, con- 
sidered thermally, 183 
—6 

„ hydrogen, mutual action 
of, and bromine, also 
iodine, 187—9 
Sulphuric acid, heat of solution and 

dilution of, 155 — 7 
System, a changing chemical, use of 
expression, 4 
„ passage of a, from one state 
to another, 10 

Tartaric acid,- heat of solution and 

dilution of, 164 
Temperature conditions the thermal 

value of a reaction, 49 — 50, 61 
Thermal chemistry, notation used in, 
45_7, 48 
„ „ sphere of, 1 

„ data (see Data) 
„ „ chemical interpretation 
of, 172 et seq. 
Thermal methods applied to chemical 
change, principle 
on which based, 
12—3 

„ ,, applied to classifi- 
cation of acids, 
76—9 

„ „ applied to classifi- 

cation of elements 
and compounds, 
96 et seq. 

„ „ applied to classifi- 
cation of isome- 
rides, 72 

„ „ applied to measure 
basicity of adds, 
75—6 

„ „ applied to study of 

action of metals 
on acids, 104 — 
7 

„ „ applied to study 

of action of 
metals on water, 
101—3 
,, applied to study of 
oxyacids of phos- 
phorus and ar- 
senic, 79 — 81 

„ „ applied to study of 

periodic acid, 
81—6 

„ „ applied to study of 

silicic acid, 85 
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Thennal methods regard a cheznioal 
change as com- 
posed of two 
parts, 47 

Thermal value of a reaction, calculated 
indirectly, principle 
on which based, 60 
„ of a reaction, formula 
for calculating, from 
experimental data, 
45 

„ „ of a reaction, formula 
for calculating value 
of, at one tempera- 
ture when value at 
another temperature 
is known, 49 — ^50 

„ „ of a reaction, varies 
with variations in 
physical conditions, 
48—62 

Thermal values of allotropic and iso- 
meric changes, 64 
—73 

„ t, of comparable reac- 
tions occurring in a 
group of elements, 
96—7 

„ „ of 'satisfaction of 
bonds of the carbon 
atom,* 67—72 
Thermodynamics, laws of, 10 — 11 
Thomssn, his attempt to measure the 
* dynamic value of each 
carbon bond,' 67—72 
„ his conception of chemical 

stability, 177—8 
„ his determination of specific 
heats of saline solutions,44 
„ his measurements of rela- 
tive avidities of acids, 
90-^ 

„ his statement of the law of 
maximum work, 177 

„ his study of neutralisation- 
phenomena, 73 et 8eq, 

„ his thermal study of classes 
of elements, 97 et seq. 

„ his thermal study of solu- 
tion, dilution, and hydra- 
tion, 147 et seq, 

M his work on aflSnity, 196 — 
200 

„ unit of heat adopted by, 26 



Thomson, J. J. his researches on dis- 
sociation in light of vortex atom 
theory, 132—3 

Units adopted in measuring quanti- 
ties of heat, 25—6 

Valency of atoms, illustration of use of 

conception, 67 
Vaporisation, heat of, defined, 114 

„ molecular explanation 
of, 114—6 
Vapour-pressure, defined, 109 
Vapour densities, abnormal, so-called, 
140 

Vapour density, decrease of, as tem- 
perature increases, 
examples of, 141 
et teq, 

„ „ of acetic acid, 141, 144 
„ „ of anisol, 141 
„ „ of bromine, 143 
„ „ of butyric acid, 141 
„ # |, of chlorine, 143 
>f K or of ether, 143 
„ „ of formic acid, 142 
' „ „ of propyl formate, 143 
„ „ of water, 142 
„ „ variation of, analogy 
between, and course 
of a dissociation- 
change, 143 
Variables conditioning state of a ma- 
terial system, 10, 128 
Vortex atom theory, applied to cases 
of dissociation, 132 — 3 

Waaoe, see Guldbebo 
Water, action of, in cases of so-called 
'dissociation in solution,' 148 
,, action between, and metals, 
101—3 

„ of constitution and crystallisa- 
tion, 170 
„ vapour density of, 142 
Water-equivalent of a calorimeter, 

defined, 44 
Weight, atomic, defined, 18 
Weights, atomic, 16, 18—22 
„ combining, 3 
„ molecular, 16, 16, 17 
WuBTZ, his work on dissociation of 
phosphorus pentachloride, 124 
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